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ABSTRACT 
Surface Studies on the Structure and Functionality of Bioactive Materials 
 
by 
 
 
Yuwei Liu 
 
 
Chair: Professor Zhan Chen 
 
Bioactive materials are critical in many applications in the fields ranging from 
antibiofouling coatings to tissue engineering to biosensing devices because of their ability 
in inducing and regulating biological activities and functions. The construction of 
bioactive materials generally involves dispersion of bioactive components such as 
biocides, peptides or proteins in organic or inorganic matrices. However, when these 
bioactive components are incorporated to such matrices, their functionalities may be 
significantly hindered. As a result, it has spurred great attention seeking guidelines for 
future rational design and development of bioactive materials with optimal 
functionalities. In this thesis, optimization strategies are proposed by investigating 
interfacial molecular interactions of various bioactive materials in situ using surface 
specific spectroscopies and correlating the structural and orientational information to 
their activity tests.  
Firstly, two biocide-incorporated antifouling polymeric materials are characterized 
using sum frequency generations vibrational spectroscopy at solid/liquid interfaces. The 
interaction mechanism is unraveled by varying both biocidal components and the 
xv 
 
polymer components of the system. The structure of the alkyl chains from the biocidal 
components is determined and by comparing to their antifouling performance, it is 
concluded that the protruding-out state offers the best antifouling activity. Factors that 
affect the extension state of the biocidal components are carefully examined. Secondly, 
antimicrobial peptides (AMPs) are immobilized to various surface platforms. The 
immobilization processes are thoroughly monitored and the final immobilized peptide 
structures and orientations are determined using spectroscopic technique. The 
immobilization environment, the location of the attachment point and the peptide 
sequence all play important roles in determining the immobilization process and the final 
state of the immobilized AMPs. Finally, a model enzyme is immobilized to solid surfaces 
and characterized by using combined spectroscopic measurements. These results are 
further correlated to the enzymatic activities and confirmed by molecular dynamics 
simulations performed by our collaborators. It is concluded that the surface properties, 
the location of the attachment point, the secondary structure of the attachment point are 
factors influencing the immobilized enzyme structure and further determining the activity 
and stability of the immobilized enzyme. In all, this thesis provides systematic 
understanding how structural differences are related to the difference in the functionality 
of the bioactive materials under study based on which the optimization designing rules 
are proposed. 
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CHAPTER 1 
INTRODUCTION 
 INTRODUCTION 1
1.1 BIOACTIVE MATERIALS 
Bioactive materials are designed to induce or regulate biological activities and 
functions. These materials have been applied extensively in fields ranging from 
antibiofouling coatings, tissue engineering to biosensing devices.1-6 The induction and 
regulation of such materials usually involve incorporation of bioactive components such 
as peptides and proteins. To tailor the performance of these materials, it is crucial to 
understand how the bioactive components behave upon interacting with target molecules 
under biologically-relevant environments. The bioactive components involved in these 
materials are varied based on specific applications.  
When bioactive components are incorporated into material matrices, their 
functionalities are affected. Some show improved activity while others show reduced 
activity.7-10 Effort has been put to rationalize the scenario. It has been demonstrated that 
the macroscopic topography of materials as well as the microscopic chemistry play 
important roles in regulating the activity of designed bioactive materials.11-13 To push 
forward the development of these materials, it is essential to understand how the 
bioactive components interact with target molecules and factors that govern the favorable 
interactions. 
In this dissertation, I mainly focus on three types of bioactive components. They are 
a) quartenary ammonium salts which are used for antibiofouling applications based on 
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their biocidal property; b) antimicrobial peptide molecules which are membrane active 
and form α-helical structure when functioning; c) enzyme molecules which are models 
for large proteins yet whose activity is easier to measure. 
1.2 THE IMPORTANCE OF SURFACE/INTERFACE ANALYSIS 
The interactions between bioactive components and their target molecules occur at 
their interfaces upon contact. On the interaction interface of bioactive materials, there are 
organic or inorganic matrices of the materials, bioactive components that were 
incorporated to the materials for biofunctionality and biomolecules in contact with the 
materials. It has been shown that the interfacial properties of these molecules are of great 
importance in determining the performance of the materials14-20 and hence forth attention 
has been applied to interfacial properties in a variety of research fields. 21-23 One of the 
research aspects is the microscopic structure and orientation of the interfacial molecules 
which have been proven to regulate the effectiveness of the functions of materials. 
A variety of surface sensitive analytical techniques and methodologies have been 
applied to explore conformation, ordering and orientation behaviors of the interfacial 
molecules. Examples are ellipsometry and surface plasmon resonance (SPR) which 
mostly probe the adsorption/desorption behavior of biomolecules on substrate surfaces.
24-
26
 Secondary ion mass spectrometry (SIMS) and x-ray photoelectron spectroscopy (XPS) 
have been employed to monitor structural changes of peptides and proteins on surfaces 
by analyzing the surface species.
27-30
 Atomic force microscopy (AFM) is important in 
investigating protein packing and ordering states.
31, 32
 In addition, many techniques focus 
on using intrinsic vibrational modes of various chemical species to determine 
compositions and orientations of biomolecules. Using different-polarized incident light, 
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Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy can 
be used to study orientation of interfacial peptide/proteins.
33-36
 Surface-enhanced Raman 
Spectroscopy (SERS) is another useful spectroscopic technique which is exceptionally 
sensitive and has been used to track structural changes in various biological processes.
37
 
These experimental tools have the ability to acquire a qualitative and quantitative 
understanding at the molecular-level of interfacial peptides/proteins and their functions. 
However, it is still very difficult to probe molecular level structural information of 
peptides and proteins in situ (e.g., at the solid/liquid interface) with a monolayer surface 
sensitivity. As a result, further investigations of these molecular interactions still require 
more accurate in situ measurements. 
1.3 SUM FREQUENCY GENERATION VIBRATIONAL SPECTROSCOPY 
Sum frequency generation vibrational spectroscopy (SFG) is a highly useful and 
unique technique that has emerged as a valuable tool to study surfaces and interfaces in 
situ at the molecular level.
38-52
 It combines two other well-known spectroscopic 
techniques, infrared (IR) and Raman processes to yield a new technique that is capable of 
looking at very specialized aspects of chemical systems. As it is a laser technique, any 
surface or interface that is accessible by light can be probed using SFG, making it an 
ideal tool for investigating the interfacial molecular structures in this study. 
1.3.1 Overview 
Optical SFG describes the process in which two input laser beams of frequencies ω1 
and ω2 overlap in a medium, which then generates an output beam with frequency at the 
sum of the two input frequencies (ωSF = ω1 + ω2).
53, 54
 This process is diagrammed below 
in Figure 1.1 where ω1 describes the input visible beam, which is maintained at a fixed 
frequency, and ω2 describes the tunable input IR beam. When ω2 is scanned over the 
4 
 
vibrational resonances of the molecules of the material under study, the SFG signal 
becomes resonantly enhanced, thus generating a vibrational spectrum of the sample. 
Figure 1.2, depicts a schematic energy level diagram for the IR-visible SFG process. It is 
a combination of an IR absorption process and an anti-stokes Raman scattering process. 
Only those vibrational modes that are both IR-active and Raman active will be SFG-
active. 
 
Figure 1.1 The SFG process. 
 
Sum frequency generation is a second-order nonlinear optical process, and under the 
electric-dipole approximation, SFG is forbidden in media that possess inversion 
symmetry. Most bulk material, such as polymers or pure liquid samples are 
centrosymmetric and therefore do not exhibit an SFG signal. However, at interfaces 
between sample layers, or at sample surfaces, the symmetry of the bulk is broken and an 
SFG signal can be detected. SFG is also known to be submonolayer surface-sensitive, a 
determination that was made based on both theoretical calculations and experimental 
evidence.
39, 40, 53
 In addition, the orientation and orientational distribution of functional 
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groups on the sample surface can be deduced by collecting SFG spectra using different 
polarization combinations of the three input and output beams. 
 
Figure 1.2 Energy level diagram of the SFG process. 
 
1.3.2 Basic Theory 
When a molecule is placed in a weak electric field, the polarization P, also called the 
oscillating dipoles per unit volume of molecule, is proportional to the strength of the 
electric field E. This relationship is described by  
  EP )1(  (1.1) 
where χ(1) is the linear susceptibility. In the intense laser light, the external electric field 
becomes comparable to the fields experienced by an electron in a molecule, and the linear 
polarization of matter is no longer an appropriate approximation. Higher order terms 
must then be taken into account. Using the electric dipole approximation, the total 
polarization can be described by 
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 ...EEE:EE:E...PPPP )3()2()1()3()2()1(   (1.2) 
where the second-order nonlinear susceptibility, χ(2), is a third-rank tensor, the third-order 
susceptibility, χ(3), is a fourth-rank tensor, as so on.55 The SFG intensity, I, of the emitted 
light depends on 
2
)2(P . So, for SFG: 
 )(I)(I)(I 21
2
)2(
SF                                                                     (1.3) 
Under the electric dipole approximation, when inversion symmetry is broken (as occurs 
at surfaces and interfaces), χ(2) is nonzero and consequently SFG signal can be detected. 
The majority of bulk phases, on the other hand, are centrosymmetric, generating no SFG 
signal  
In addition to the symmetry constraints, it is necessary that the two input beams also 
overlap spatially and temporally to attain an SFG signal. SFG is a coherent process and 
accordingly, the generated light has a definite direction.  
In the reflected direction, the intensity of the sum frequency is given by  
  )(I)(I
)(n)(n)(nc
sec8
)(I 2211
2
)2(
eff
2111SF1
3
SF
2
23
SF 


  (1.4) 
where ni(Ω) is the refractive index of medium i at frequency Ω, βSF is the reflection angle 
of the sum frequency field, and I1(ω1) and I2(ω2) are the intensities of the two input beams. 
The effective second-order nonlinear susceptibility tensor, )2(
eff , of the surface is related 
to the second order nonlinear susceptibility tensor, χ(2), in the lab coordinate system and 
takes the form 
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with ê(Ω) being the unit polarization vector and L(Ω) being the Fresnel factor at 
frequency Ω. Therefore, different tensor components of χ(2) can be elucidated from 
different components of )2(
eff .
56
 The different components of )2(
eff  can be probed using 
different polarization combinations of the input and output light beams in the SFG 
measurement. 
For IR-visible SFG when the IR frequency (ω2) is near a vibrational resonance χ
(2)
 
can be written as  
  


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q qq2
q)2(
NR
)2(
i
 (1.6) 
where the subscript NR designates the nonresonant contribution, χq, ωq, and Γq denote the 
strength, resonant frequency, and damping constant of the q
th
 vibrational mode, 
respectively. By obtaining different (χq)ijk components from the resonant vibrational 
features associated with any particular molecule or chemical group on the surface in the 
SFG spectra collected using different polarization combinations of the input and output 
beams, the average orientation of that moiety can be determined.  
As an example, a common application of this method in this lab is to use the above 
information to determine the orientation of α-helical component in peptide molecules on 
a surface. The orientation information can be obtained by using group theory and 
projection operators when analyzing the SFG spectra collected with different polarization 
combinations of the laser beams.
57
 It has been shown that both amide I A mode and 
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amide I E1 mode are SFG active.
57-60
 Using the near-total-reflection geometry (shown in 
Figure 1A), ssp (s-polarized sum frequency signal beam, s-polarized input visible beam, 
p-polarized input IR beam) and ppp spectra of the amide I band can be collected 
corresponding to the χyyz and χzzz second order nonlinear optical susceptibility 
components respectively.
58
 The dependence of χyyz and χzzz susceptibility components on 
the molecular hyperpolarizability is described by the following equations:
58
 
For the A mode, 
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For the E1 mode, 
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where βccc and βaca are the molecular hyperpolarizability elements, Ns is the number 
density of an ideal α-helix, and “< >” means average. The A mode and E1 mode cannot 
be resolved in the frequency domain because of the limitation of the SFG spectral 
resolution. The total susceptibility is often assumed to be the sum of the susceptibilities 
from these two modes.
58
 The hyperpolarizability elements of an α-helix are the product of 
the components of the Raman polarizability and IR transition dipole moment. 
Theoretically, we deduced the ratios r= 59.0/ cccaac   and 31.0/ cccaca  .
58
 Also, if 
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we assume all α-helical structures at the surface/interface adopt the same orientation, 
<cos θ> and <cos3 θ> can be substituted by cos θ and cos3 θ. Therefore, we can deduce a 
function relating zzzyyz  /  with the orientation angle for an ideal α-helix. Experimentally, 
zzzyyz  /  can be measured. Combining these values and the equations above, the 
orientation angle θ of an -helix on a surface or at an interface should be able to be 
deduced. 
There are some deviations from this ideal situation.
58
 First of all, the calculation 
model discussed above is perfect α-helical structure which either has a unit cell with 18 
peptide units or is infinitely long. In nature, it is not always the case. To address this 
problem, we have done a thorough discussion in previous publications and have shown 
that “extra” or “missing” amino acid residues from the 18 (or multiple of 18)-unit cell 
play minimal role in data analysis. Also the deviations from an ideal helix can be 
corrected by considering the helix length in the orientation analysis.
58
 On the other hand, 
one peptide or protein may have more α-helical segments pointing at different directions. 
We have successfully calculated the overall hyperpolarizability of such bent helical 
components, which can be used to determine the orientation of entire proteins.
61
 Finally, 
peptides or proteins do not necessarily adopt a single orientation in biological systems; 
they can stay in multiple orientations. For this situation, the maximum entropy function 
has been introduced to calculate the orientation distribution of the target peptide or 
protein in combination of both SFG and ATR-FTIR orientation analysis results.
59, 60
 
1.3.3 Experimental System 
A schematic diagram of the SFG laser system used in this lab is displayed below in 
Figure 1.3. It is a custom-designed EKSPLA SFG spectrometer. The 20 picosecond 
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mode-locked Nd:YAG laser has a fundamental output of 1064 nm and a repetition rate of 
20 Hz. The fundamental beam from the laser is directed to the harmonics unit, where two 
K*DP nonlinear crystals produce the second and third harmonics, which are at 532 nm 
and 355 nm, respectively. The 532 nm beam serves as the visible beam for the SFG 
experiment. The 355 nm beam, along with the fundamental 1064 nm beam pump the 
optical parametric generation/amplification and difference frequency generation system 
(OPG/OPA/DFG) which is based on LBO and AgGaS2 crystals. The IR beam generated 
from the OPG/OPA/DFG is tunable from 2.3 to 10 μm (4300 to 1000 cm-1).62-64 
 
Figure 1.3 Layout of the EKSPLA SFG laser spectrometer.
65
 
The SFG system can be conceptually divided into two sections. The first section, 
shown in the right in Figure 1.3, is the fundamental portion of the system which actually 
generates the laser beams used in the course of SFG experimentation. The three main 
components of this first section are the Nd:YAG laser, the harmonics unit, and the optical 
parametric oscillator/amplifier and difference frequency generator, referred to in Figure 
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1.3 as the OPG/OPA/DFG. The second section, shown on the left in Figure 1.3, is the 
section where the sample itself is exposed to the beams and SFG signal is generated and 
collected, and the geometry of this section can be changed depending on what 
experiments are being run. What follows is a brief description of how the three 
fundamental components of the first section are and how they are used. 
1.3.3.1 Nd:YAG Laser 
Neodymium-doped yttrium aluminum garnet (Nd:Y3Al5O12) is a crystal widely used 
as the active laser medium for solid-state lasers. The laser is optically pumped using 
flashlamps and emits light with a wavelength of 1064 nm. As a Nd:YAG laser, it is 
operated using passive mode-locking. The light generated in the laser cavity is passed 
through a laser dye, which acts as a saturable absorber. The dye exhibits an intensity-
dependent transmission, meaning it behaves differently depending on the intensity of the 
light passing through it. For passive mode-locking, ideally a saturable absorber will 
selectively transmit high intensity light while absorbing low intensity light. However, 
when the laser is initially triggered, it is not initially mode-locked. Any un-modelocked 
laser will experience random, intense spikes in radiation, and those spikes will be 
preferentially transmitted by the dye. As the light in the laser cavity oscillates, this 
process repeats, which leads to the selective amplification of the high intensity spikes and 
the suppression by absorption of the low intensity light. After many round trips in the 
cavity, this leads to a train of pulses and the mode-locking of the laser. In addition, 
Pockel cells are also used in the laser cavity to assist in the generation a fundamental 
laser beam at a sufficiently high intensity.
62
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1.3.3.2 Harmonics Unit 
The harmonics unit is important to the SFG laser setup because it generates the 
visible beam for SFG experiments. It also produces a 355 nm beam for the 
OPG/OPA/DFG system to generate the frequency tunable mid-IR beam. To do this, the 
fundamental wavelength emitted from the Nd:YAG laser is frequency doubled and 
tripled by having the beam pass through the nonlinear crystals generating a corresponding 
harmonic. The wavelengths are summarized below in Table 1.1. 
Table 1.1 Summary of wavelengths generated and used in SFG laser setup. 
Wavelength (nm) Harmonic Spectral Region 
1064 Fundamental Infrared 
532 2
nd
 Visible (green) 
355 3
rd
 Ultraviolet 
 
The harmonic radiation propagates collinearly with the fundamental beam. To 
maximize the efficiency of the conversion to harmonics, it is necessary for the path of the 
input fundamental beam to lie along a unique axis of fixed orientation relative to the axis 
of the crystal. This condition is referred to as phase matching. The harmonics generation 
is done in K*DP (potassium dideuterium phosphate) nonlinear crystals, and the second 
and third harmonics are obtained in the harmonics unit. The purity of the third harmonic 
is enhanced using a system of two reflections from two mirrors, a step which is necessary 
because the process of converting to the third harmonic is not 100% efficient.
63
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1.3.3.3 OPG/OPA/DFG 
The OPG/OPA/DFG system is the device used to generate a tunable IR beam. As 
previously stated, a tunable IR beam is necessary for SFG experimentation to determine 
the vibrational resonances of the molecule under study. It functions by combining a 
lithium borate (LBO) crystal-based optical parametric generator/amplifier and a 
difference frequency generator on an AgGaS2 (silver gallium sulfate) crystal, and uses the 
fundamental and third harmonic beams to generate the tunable IR signal. The 355 nm 
beam passes through the nonlinear LBO crystal and is separated into two beams, a signal 
beam and an idler beam. The wavelengths of the two generated beams are determined by 
the phase matching condition, which can be changed simply by rotating the axis of the 
crystal. This allows for the tuning of the eventual final beam to a desired wavelength. 
Once the signal beam is separated from the parametric generator outputs, the desired 
wavelength is then passed through the AgGaS2 crystal collinearly with the fundamental 
beam, resulting in a beam at the difference of the two frequencies. This is also controlled 
by tilting the axis of the crystal to ensure the beams are collinear. The resulting beam is 
the tunable IR beam used in the SFG experiment, which ranges from 4300-1000 cm
-1
.
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1.3.4 Experimental Setup 
The visible and tunable IR beams are overlapped both temporally and spatially on 
the sample with incident beams of 60° and 54°, respectively, versus the surface normal. 
The pulse energy of the visible beam is approximately 200 μJ, and the pulse energy of the 
IR beam is approximately 100 μJ. Both beams have a diameter of roughly 0.5 mm. The 
SFG signal from the sample surface or interface is then collected by a photomultiplier 
tube and processed with a gated integrator. Two photodiodes are used to monitor the 
input visible beam and IR beam powers by collecting the back reflections of those two 
14 
 
beams from focus lenses. This is extremely important for data collection because the SFG 
spectra can be normalized by the powers of the input lasers. This allows for comparison 
between spectra taken at different times and days. The SFG intensity is measured as a 
function of the input IR frequency, generating a vibrational spectrum of the sample 
surface or interface. The polarization of the input and output beams can be altered, and by 
changing the polarizations of those beams, SFG spectra with different polarization 
combinations can be collected.
40
 The combinations ssp (s-polarized SFG output, s-
polarized visible input, and p-polarized IR input), sps, and ppp are most commonly 
collected in this lab. 
Different geometries have been employed to collect SFG spectra, and the geometry 
of the sample can have a significant effect on the signal detected. For example, a 
common method of sample preparation in this lab is spin-coating a thin polymer film 
onto an appropriate IR transparent window. In the face-down geometry which is shown in 
Figure 1.4, the two input beams travel through the window and then overlap on the 
polymer film. This geometry not only allows SFG spectra to be obtained from sample in 
air, but it also allows contact between the sample and a liquid, thus enabling the 
collection of spectra from sample/liquid interfaces in situ. Another example also has 
samples facing-down but on a prism surface (shown in Figure 1.4 right). This geometry is 
called near total internal reflection geometry where the angles of the incident beams and 
the sum frequency beam are close to the critical angles. It has been proved that using this 
geometry, the signals from the interface are greatly enhanced. As a result, it facilitates 
detection of signals that would, in any other experimental setup, be too weak to detect 
such as those from peptides or proteins. 
15 
 
 
Figure 1.4 The SFG sample experimental geometry. Left: window face-down 
geometry; Right: prism geometry (can be used for the near total reflection 
geometry). 
 
1.4 OBJECTIVES AND PRESENTED RESEARCH 
The objectives of this presented research are to correlate surface structures of 
bioactive materials with their bioactivity and thus to propose optimization strategies for 
the development of improved bioactive materials. The inherent surface sensitive SFG 
technique will be used primarily to understand how the bioactive materials under study 
restructure themselves upon contacting biologically relevant environments or 
biomolecules from the perspectives of molecular conformation and orientation. 
In Chapter 2, several kinds of antibiofouling materials incorporating both antifouling 
quaternary ammonium salt (QAS) components and a fouling-releasing poly 
dimethylsiloxane (PDMS) matrix will be evaluated. By measuring a series of PDMS 
coatings containing either a QAS with a single ammonium salt group per molecule or 
quaternary ammonium-functionalized polyhedral oligomeric silsesquioxane (Q-POSS) 
with SFG in air, water, and artificial sea water (ASW), it will be shown that slight 
variations of the QAS structure can lead to substantial differences in the interfacial 
surface structures of these materials and thus in their antifouling properties. Indeed, the 
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SFG results presented in this chapter will indicate that the surface structures of these 
materials depend on several factors, such as the extent of quaternization, the molecular 
weight of the PDMS component, and the functional groups of the QAS used for 
incorporation into the PDMS matrix. 
Chapter 3 will focus on peptide-immobilized materials including model self-
assembled monolayers (SAMs), spin-coated pre-functionalized polymers and 
functionalized chemical vapor deposited (CVD) polymers. Antimicrobial peptides 
(AMPs) are chosen for immobilization because their functions are easy to characterize 
and to compare to the structural study using SFG. The AMPs are immobilized to the 
surface via the cysteine residue added to the sequence intentionally and the surface 
maleimide functionality. The effect of peptide concentration, solvent hydrophobicity, 
tethering site, and the properties of surfaces on the structure and orientation of 
immobilized AMPs will be investigated using SFG and correlated to their antimicrobial 
activity. It will be presented that both the tethering terminus and the interaction between 
AMPs and surfaces greatly alter the activity of the immobilized AMPs. Moreover, 
molecular dynamics (MD) simulations will be employed to identify AMP 
sequence/structures that are inherently rigid and will not be altered by immobilization. 
The interfacial behavior predicted by MD simulation on surface immobilized molecules 
will be confirmed by SFG studies. 
Finally, Chapter 4 will expand the observations from Chapter 3 to larger proteins and 
investigate enzyme-immobilized materials. In this chapter, specific immobilization of a 
model enzyme 6-phospho-β-galactosidase (β-Gal) through intentionally mutated unique 
cysteine residue will be achieved to surfaces containing maleimide functionality. A 
17 
 
systematic means to characterize interfacial orientation of immobilized enzymes has been 
developed using combined studies with SFG and ATR–FTIR. The possible orientations 
of the immobilized β-Gal will be determined, which are well correlated to its tested 
activity. In addition, we will examine how attaching the enzyme to the surface changes its 
activity by comparing it with randomly adsorbed enzyme molecules on a hydrophobic 
surface. Furthermore, the effect of the variation of the enzyme attaching cysteine site on 
enzyme orientation will be evaluated by engineering the cysteine residue at desired 
positions. It will be shown that activity and stability of enzyme-immobilized materials 
highly depends on the structure and orientation of the enzyme molecules after 
immobilization. 
The presented work explores the working mechanisms of several bioactive materials 
in biological-relevant environments. By unveiling the details regarding the interfacial 
structures in situ at a molecular level, we have expanded the knowledge on the 
structure/activity relationships of these materials, aiding in the design and development of 
bioactive materials with improved performance. 
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CHAPTER 2 
ANTIBIOFOULING MECHANISM STUDIES ON PDMS 
INCORPORATED WITH QAS MOLECULES 
 ANTIBIOFOULING MECHANISM STUDIES ON PDMS 2
INCORPORATED WITH QAS MOLECULES 
2.1 INTRODUCTION 
Marine biofouling is generally defined as the undesirable attachment and growth of 
macro- and micro-organisms on surfaces immersed in seawater. Once established, it can 
cause a multitude of problems for ships in operation and in the harbor. Extensive research 
has been performed in recent years to develop new antifouling coating technologies that 
possess superior antifouling efficiency, longer performance lifetimes, and non-toxic 
mechanisms of activity.
1-6 
Polydimethysiloxane (PDMS) materials have demonstrated good fouling-release (FR) 
performance due to their low surface energy,
1, 2
 low glass transition temperature,
3
 and 
low elastic modulus.
4, 5
 In addition, biocides have been incorporated into PDMS matrices 
to form successful antibacterial materials.
6-8
 Thus, researchers have applied this idea to 
generate FR and antifouling coatings using PDMS with chemically bound (i.e., tethered) 
biocide moieties
9-11
 and quaternary ammonium salts (QAS) are one of the most widely 
used biocides to inhibit microbial growth.
12-14
 They are very effective in killing a broad 
spectrum of microorganisms such as Gram-positive and Gram-negative bacteria, yeast, 
and mold.
13, 15-17
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Extensive research has demonstrated that QAS-incorporated PDMS materials are 
good candidates for antifouling coatings that possess both FR and antifouling 
capabilities.
9, 18-22
 To optimize the performance of various coating materials, it is crucial 
to characterize their surface chemical structures at a molecular level because such surface 
structures determine the antifouling properties of the coating materials. More importantly, 
because these materials are used underwater, it is crucial to monitor their surface 
structures in situ in water.
22
 However, most of the currently available surface sensitive 
analytical techniques cannot meet the above requirements simultaneously. 
Sum frequency generation vibrational spectroscopy (SFG) has been shown to be a 
powerful tool to study polymer surface structures at the molecular level in different 
chemical environments. SFG can provide information such as functional group 
composition and orientation at a surface or interface with a submonolayer sensitivity.
23-34
 
In addition, SFG can be used to study in situ surface restructuring behavior of polymer 
materials in water.
35-41
 Details of the SFG theory and experimental setup have been 
discussed in chapter one and will not be repeated here. 
Recently, we applied SFG to study a QAS-tethered PDMS system, focusing on the 
QAS surface chemical composition in air, water and nutrient growth medium.
22
 The 
results of these studies indicated that the surface structure of the coating largely depended 
on the length of the alkyl chain attached to the nitrogen atom of the QAS moiety as well 
as the length of alkyl chain spanning between the nitrogen atom in the QAS moiety and 
the silicon atom of PDMS. The surface structures detected using SFG correlated well 
with their antimicrobial/antifouling activity. 
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In this chapter, SFG was used to monitor the surface structures of the two different 
types of QAS-incorporated PDMS coatings. Emphasis was placed on the effects of the 
functional groups of the QAS used for incorporating, the extent of quaternization, and the 
length of the alkyl chain attached to the nitrogen atom on the structures of the coating 
surfaces when exposed to each environment. The antifouling activities of these QAS-
incorporated PDMS materials were tested in tandem with the above described SFG 
studies.  The results from these studies indicated that: (1) PDMS materials with QAS 
tethered using the ethoxysilane functional group exhibited better antifouling activity than 
those prepared with methoxysilane; (2) PDMS materials with lower quaternization of Q-
POSS exhibited better antifouling performance than those possessing a higher extent of 
Q-POSS quaternization. These results contradict the intuition that higher quaternization 
should lead to better antifouling performance due to the higher number of QAS moieties. 
Also because the ethoxy and methoxy functional groups were lost in the reaction 
tethering QAS to PDMS, they should not lead to differed antifouling activities. The 
results obtained from our SFG studies correlated well to these experimental observations 
in antifouling properties, providing an in-depth understanding on surface structure-
function relationships of PDMS materials incorporated with QAS-incorporated biocides. 
The SFG studies on PDMS materials with QAS tethered using different silane 
functional group were carried in collaboration with a group member Chuan Leng. All the 
antimicrobial/antifouling activity testing experiments were performed by our 
collaborators at North Dakota State University. 
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2.2 EXPERIMENTAL 
2.2.1 Materials 
2.2.1.1 QAS-tethered PDMS system 
Silanol-terminated PDMS with a molecular weight of 49,000 g/mol (49K-PDMS) 
was purchased from Gelest, Inc. (Tullytown, PA) and was diluted in toluene to 80 wt%. 
Quaternary ammonium salts octadecyldimethyl(3-trimethoxysilylpropyl) ammonium 
chloride (C18-TMS) and octadecyldimethyl(3-triethoxysilylpropyl) ammonium chloride 
(C18-TES) were synthesized using a published protocol by our collaborators at North 
Dakota State University.
42
 Tetrahydrofuran, tetrabutylammonium fluoride (TBAF) in 
tetrahydrofuran (1.0 M), and 4-methyl-2-pentanone (MIBK) were purchased from 
Aldrich (Milwaukee, WI). For coating solutions, a TBAF catalyst solution (50 mM) was 
prepared by dispensing 1.25 mL of 1.0 M TBAF solution in a 25 mL volumetric flask and 
adding MIBK volumetrically to 25 mL. Coating samples were prepared by blending 18K-
PDMS or 49K-PDMS, methyltriacetoxysilane, TBAF catalyst solution, and different 
amounts of 50% (w/w) solution of a QAS in methanol (Table 2.1, Samples A-D). The 
coating solutions were stirred overnight and then spin-coated on fused silica windows (1 
inch in diameter, 1/8 inch thick, obtained from ESCO Products Inc.). The spin coated 
films were stored at ambient conditions for 24 h to cure the films. To ensure full cure, the 
samples were then heated overnight at 50 °C. Molecular formulas for PDMS, cross-linker, 
catalyst and QAS are shown in Figure 2.1A. 
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Table 2.1 Compositions of the PDMS coatings incorporated with QAS (all values are 
in grams) 
Sample PDMS QAS type QAS Amount MeAc 50 mM Catalyst 
A 49K: 6.25 C18-TMS 1.24 0.75 0.75 
B 49K: 6.25 C18-TES 1.61 0.75 0.75 
C 18K: 5.00 C18-TMS 1.24 0.75 0.75 
D 18K: 5.00 C18-TES 1.61 0.75 0.75 
E 18K: 3.50 Q-POSS 1 1.32 0.525 0.525 
F 18K: 3.50 Q-POSS 2 2.06 0.525 0.525 
G 18K: 3.50 Q-POSS 3 1.39 0.525 0.525 
H 18K: 3.50 Q-POSS 4 2.10 0.525 0.525 
 
Table 2.2 Q-POSS molecules studied (30 wt% in THF) 
Sample 
Q-POSS structure 
R Extent of quaternization
 
Q-POSS 1 C16H33- 82.9% 
Q-POSS 2 C16H33- 38.2% 
Q-POSS 3 C18H37- 81.7% 
Q-POSS 4 C18H37- 38.9% 
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Figure 2.1 Chemical structures of the QAS incorporated PDMS systems (A: QAS-
tethered system; B: Q-POSS-incorporated PDMS system) 
2.2.1.2 Q-POSS incorporated PDMS system 
Silanol-terminated PDMS with a molecular weight of 18,000 g/mol (18K-PDMS) 
and methyltriacetoxysilane were ordered from Gelest, Inc. (Tullytown, PA). Various 
quaternary ammonium functionalized-POSS (Q-POSS) (Table 2.2) were synthesized by 
our collaborators at North Dakota State University.
19
 For coating solutions, a TBAF 
catalyst solution (50 mM) was prepared by dispensing 1.25 mL of 1.0 M TBAF solution 
in a 25 mL volumetric flask and adding MIBK volumetrically up to 25 mL. Coating 
samples were prepared by blending 18K-PDMS, methyltriacetoxysilane, TBAF catalyst 
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solution, and different amounts of 30 wt% solution of a Q-POSS in tetrahydrofuran 
(Table 2.1, Samples E-H). These coating solutions were stirred overnight and then spin-
coated on fused silica windows. The films were cured at ambient conditions for 24 h. To 
ensure full cure, the samples were then heat overnight at 50 °C. Molecular formulas for 
PDMS, cross-linker, catalyst and Q-POSS are shown in Figure 2.1B. 
2.2.2 Instrumentation 
Details about SFG theories and instrumentation have been described in sections 
1.3.2, 1.3.3 and 1.3.4 in Chapter 1. SFG is a second order nonlinear process which 
selectively probes systems with no inversion symmetry. Since most bulk materials have 
inversion symmetry, SFG is an intrinsic surface sensitive technique and has been proven 
to provide submonolayer surface sensitivity.
23-34
 In this study, face-down sample 
geometry was used in which two input laser beams travel through the fused silica 
windows and overlap on the polymer/air or polymer/liquid (Millipore water or artificial 
sea water) interface (Figure 2.2). SFG spectra with a polarization combination of ssp (s-
polarized sum frequency output, s-polarized visible input, and p-polarized infrared input) 
were collected. All SFG spectra were normalized according to the intensities of the input 
IR and visible beams. Previous studies have demonstrated that SFG signals are 
dominated by the polymer/air or polymer/liquid interface, with almost no 
polymer/substrate or polymer bulk contributions to the spectra collected using this 
experimental geometry. 
11, 22, 33-36
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Figure 2.2 SFG experimental face-down sample geometry 
 
2.3 RESULTS AND DISCUSSION  
2.3.1 QAS-tethered PDMS coatings 
Surface Structures in Air. The ssp SFG spectra collected from the surfaces of the four 
samples are dominated by peaks centered at 2850, 2875, 2915, 2940 and 2965 cm
-1
, 
which are assigned to the CH2 symmetric stretching, CH3 symmetric stretching, Si-CH3 
C-H symmetric stretching, CH3 Fermi resonance modes, C-H asymmetric stretching of 
regular methyl and/or Si-CH3 groups, respectively (Figure 2.3a). 
11, 22, 43
 The 2850, 2875, 
2940 and 2965 cm
-1
peaks are believed to be contributed from QAS while the peaks at 
2915 cm
-1
 and 2965 cm
-1
 are from the Si-CH3 C-H symmetric and asymmetric stretching 
modes in PDMS. This is because SFG spectra detected from the pure PDMS surface 
reported before have only two peaks in the C-H stretching frequency region from the Si-
CH3 C-H symmetric (∼2915 cm
-1
) and asymmetric (~2965 cm-1) stretching modes.11, 22, 
38
 The four materials did not display discernible differences in their surface structures; 
both PDMS and the QAS molecules are present on the surface and the PDMS generates 
the dominating signal from these surfaces. Therefore their different antifouling activities 
cannot be interpreted by their surface structures in air. 
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Surface Structures in Water. The antifouling materials evaluated in this study were 
designed to be used in aqueous environments such as seawater or biological fluids. As a 
result, SFG spectra were also acquired from the interfaces between QAS-tethered PDMS 
materials and water (Millipore, 18.2 MΩ·cm resistivity) (Figure 2.3b). The four ssp 
spectra collected from samples which were cured either using different functional groups 
on QAS or using different MWs of PDMS all differed in their C-H frequency stretching 
region, however were similar in the water O-H stretching frequency region (Figure 2.3b). 
Overall, the C-H stretching signals are very weak and the spectra are dominated by the O-
H stretching signals of water molecules at the interface.  
SFG spectra collected from the interface between water and PDMS incorporated 
with QAS of higher MW of PDMS (49K-PDMS) have no discernible signal in the C-H 
stretching frequency region but have strong water signal with peaks at 3200 and 3450 cm
-
1, assigned as “ice-like” water, and “liquid-like” water, respectively.29, 31, 32, 44, 45 The ssp 
spectra collected from the 18K-PDMS with QAS/water interfaces, however, have 
distinguishable signals in the C-H stretching frequency region. For two 18K-PDMS 
materials, the SFG spectrum collected from the interface between water and the material 
made of C18-TMS has a stronger CH2 contribution (at 2850 cm
-1
) while the material 
containing C18-TES has a stronger CH3 contribution. This indicates that the QAS chains 
are protruding out more on the surface in water for the later sample. All four SFG spectra 
exhibit strong water signals especially at 3200 cm
-1
, indicating that the majority surface 
QAS alkyl chains fold back and the charged nitrogen atoms are exposed to water, 
inducing ordered water molecules at these interfaces. 
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Surface Structures in Artificial Sea Water (ASW). SFG spectra were also collected 
from the material/ASW (Aldrich, Milwaukee, WI) interface. Salt ions in sea water may 
induce surface reorientation of the coating materials which might provide a better 
understanding of their antifouling performance (Figure 2.3c). The ions in ASW 
randomize the orientation of the interfacial water molecules resulting in no detected water 
O-H stretching signal (not shown). As a result, only C-H stretching frequency region of 
the SFG spectra are displayed (Figure 2.3c). The spectral signatures and relative 
intensities are different for each of the four samples, indicating that both the functional 
group on QAS and the MW of PDMS play a role in determining the interfacial structures 
of these materials in ASW. These differences show that QAS molecules on surfaces, 
especially alkyl chains which are attached to quaternized nitrogen atoms, organized 
differently in ASW. Therefore both the functional group of QAS and MW of PDMS 
affect the surface structures of the QAS molecules. 
Two observations can be made from the four SFG spectra displayed in Figure 2.3c. 
First, the materials made of C18-TES have notably stronger CH3 signals at 2880 and 
2940 cm
-1
 than the analogues made of C18-TMS. This suggests that on the surface in 
ASW, the alkyl chains on the QAS prepared with TES-QAS have a longer extension and 
protrude out farther from the surface while the alkyl chains on the QAS prepared with 
TMS-QAS fold back and are more disordered. The second observation is that the 
materials made of 18K-PDMS have relatively stronger SFG signals than those from the 
analogues made of 49K-PDMS. As a result, the alky chains on the surface of 49K-PDMS 
are more disordered than those on 18K-PDMS surface in ASW. 
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Antifouling Activity. According to antifouling experiments performed previously, using 
various marine microorganism-based laboratory assays, the QAS-tethered PDMS 
materials prepared with TES-QAS were more effective in preventing microbial biofilm 
growth than those prepared with TMS-QAS.
42
 Furthermore, the biofilms attached to the 
surfaces of the QAS-tethered PDMS materials prepared with TES-QAS were much easier 
to remove. Previous atomic force microscopic (AFM) results indicated that QAS-tethered 
PDMS prepared with TES-QAS leads to greater segregation of QAS groups to the 
coating surface than that prepared with TMS-QAS.
42
 This may be attributed to the lower 
reactivity of the ethoxysilane groups,
46, 47
 which resulted in additional time for the 
diffusion of TES-QAS to the surface. 
The above AFM results are consistent with our SFG data, as QAS-tethered PDMS 
prepared with TES-QAS exhibited stronger methyl signals in aqueous environment, 
especially in ASW. As discussed above, it is necessary to have the alkyl groups of the 
QAS protruding out from the surface of the QAS-tethered PDMS to kill the bacteria. It 
can be deduced from the SFG results that the alkyl chains on surfaces prepared from 
TES-QAS were ordered and extended out in ASW whereas coatings from TMS-QAS do 
not have extended alkyl chains on the surfaces (Figure 2.4). The results on QAS 
incorporated to PDMS discussed here correlated well to those of the PDMS materials 
incorporated with Q-POSS, which is presented below. 
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Figure 2.3 SFG ssp spectra collected from QAS-tethered PDMS systems in (a) air, (b) 
water, and (c) ASW. The four samples studied are: (A) 49K-PDMS, C18-TMS; (B) 
49K-PDMS, C18-TES; (C) 18K-PDMS, C18-TMS; (D) 18K-PDMS, C18-TES. 
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Figure 2.4 Illustration showing the surface structures of QAS-tethered PDMS 
system in aqueous environment. Different head groups of QAS lead to different 
alkyl chain ordering of the system. 
 
2.3.2 Q-POSS incorporated PDMS coatings 
Surface Structures in Air. The ssp SFG spectra collected from the surfaces of the four 
Q-POSS incorporate PDMS samples in air are dominated by peaks at 2850, 2875, 2915, 
2940 and 2965 cm
-1
, which are assigned to the CH2 symmetric stretching, CH3 symmetric 
stretching, Si-CH3 C-H symmetric stretching, CH3 Fermi resonance modes, and C-H 
asymmetric stretching modes of regular CH3 or Si-CH3, respectively (Figure 2.5a).
11, 22, 43
 
Similar to the previous tethered QAS case, the 2850, 2875 and 2940 cm
-1
 peaks are 
contribute from the Q-POSS alkyl chains of QAS. Here, the ∼2915 cm-1 signal comes 
from the symmetric C-H stretching mode of the Si-CH3 groups, but the ~2965 cm
-1
 peak 
may contain contributions from the C-H asymmetric stretching modes of both QAS CH3 
and Si-CH3. The four materials did not display discernible differences in their surface 
structures detected from their SFG spectra—both PDMS and the Q-POSS molecules are 
present on these surfaces and the PDMS dominates the surfaces due to its large 2915 cm
-
1
peak. Therefore, the SFG results detected in air cannot determine the difference in 
antifouling performance of these four samples. 
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Surface Structures in Water. SFG spectra were acquired when the materials were 
contacting with water (Figure 2.5b). The ssp spectra collected from the samples with high 
extent of quaternized Q-POSS are different from those with low extent of quaternized Q-
POSS in the C-H stretching frequency region (2800-3000 cm
-1
) but they have similar 
water O-H stretching spectra (3000-3700 cm
-1
). The SFG spectra collected in air (as 
mentioned in the previous section) are dominated by signals contributing from the PDMS 
Si-CH3 groups. In water, we see that SFG spectra are dominated by the Q-POSS 
methylene C-H stretching signals at 2850 cm
-1
, due to the hydrophilic nature of these Q-
POSS molecules. This, in contrast with the hydrophobic PDMS Si-CH3matrix allows for 
Q-POSS to segregate to the surface in water.   
The ssp SFG spectra collected from the interface between PDMS incorporated with 
high extent of quaternized Q-POSS and water have dominating peaks at 2850, 2910, 
2970, 3200 and 3500 cm
-1
. They have been assigned to CH2 symmetric stretching, CH2 
asymmetric stretching, CH3 asymmetric stretching of the Q-POSS, O-H stretching signals 
in “ice-like” water, and in “liquid-like” water, respectively.29, 31, 32, 44, 45 The ssp spectra 
collected from the interfaces between PDMS incorporated with low extent of quaternized 
Q-POSS and water have dominating peaks at 2850, 2970, 3200 and 3500 cm
-1
, 
respectively. They were assigned to CH2 symmetric stretching, CH2 asymmetric 
stretching, CH3 asymmetric stretching of the Q-POSS, O-H stretching signals in “ice-like” 
water, and in “liquid-like” water, respectively. 
It has been shown that positively charged surfaces can order the interfacial water 
molecules at a neutral pH, indicated by SFG water O-H stretching signals at around 3200 
and 3400 cm
-1
, with a stronger peak at 3200 cm
-1
.
48, 49
  In this system, the quaternized 
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nitrogen atoms are surrounded by alkyl groups. These alkyl groups can either surround 
the nitrogen, shielding the charges leading to a weak water signal, or fold back which 
exposes the charged nitrogen atoms to water to generate a strong water signal. SFG 
spectra collected here at the polymer/water interfaces all show very strong SFG water 
signal, suggesting that the charged quaternized nitrogen atoms are exposed. 
PDMS samples with high extent of quaternized Q-POSS generated stronger CH2 
signals than that of PDMS samples with low extent of quaternized Q-POSS. It is 
speculated that this is due to the higher surface concentration of the R groups attached to 
nitrogen or more gauche defects in the QAS chains in the high extent of quaternized Q-
POSS versus lower quaternized Q-POSS. All four SFG spectra have weaker CH3 signals 
than CH2 signals indicating a lack of ordered CH3 groups present on the surface and a 
larger contribution of gauche defects. These results confirm that the alkyl chains fold 
back and the resulting surfaces are positively charged nitrogen atoms. 
Surface Structures in Artificial Sea Water (ASW). SFG spectra were also collected 
from the material/ASW interfaces (Figure 2.5c). The spectral signatures and the relative 
intensities of different peaks are slightly different between PDMS with high extent of 
quaternized Q-POSS and that with low extent. These differences indicate that the Q-
POSS molecules, especially the alkyl chains that are attached to quaternized nitrogen 
atoms, behave differently on the polymer surfaces in ASW between PDMS with high 
extent of quaternized Q-POSS and that with low extent. The alkyl chain length, on the 
other hand, does not play a noticeable role in determining the interfacial structure. 
The SFG ssp spectra collected from the interface between PDMS incorporated with 
high extent of quaternized Q-POSS and ASW have dominating peaks at 2850, 2880, 
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2915, and 2940 cm
-1
, which can be attributed to CH2 symmetric stretching, CH3 
symmetric stretching, CH2 asymmetric stretching, and CH3 Fermi resonance of the Q-
POSS, respectively. The ssp spectra collected from PDMS incorporated with low extent 
of quaternized Q-POSS/water interface have dominating peaks at 2850, 2880, 2900, 2940, 
and 2965 cm
-1
, which were assigned to CH2 symmetric stretching, CH3 symmetric 
stretching, PDMS Si-CH3 symmetric stretching, CH3 Fermi resonance, and CH3 
asymmetric stretching of the Q-POSS, respectively. 
Previous publications have shown that when alkyl chains are well-ordered on 
surfaces, the methylene groups generate minimal SFG signals while the methyl end 
groups generate large SFG signals.
22, 50
 Comparing the SFG ssp spectra collected from 
the ASW interface with PDMS incorporated with high extent of quaternized Q-POSS and 
with low extent of quaternized Q-POSS, CH3 contributions are slightly larger in materials 
with low extent of quaternization while the CH2 contributions are slightly larger in 
materials with high extent of quaternization. This shows that the alkyl chains attached to 
lower quaternized Q-POSS extend out more while the alkyl chains in the highly 
quaternized Q-POSS are folded back. We believe that the ions in the ASW minimize the 
positive charge on quaternized Q-POSS surface and provide more freedom to the alkyl 
chains. Results here differ from the scenario observed on polymer surfaces in pure water. 
Antimicrobial Activity. It has been shown that for the Q-POSS-incorporated PDMS 
materials, the coatings incorporating Q-POSS with lowest extent of quaternization 
displayed antimicrobial activity while analogous coatings produced using Q-POSS 
possessing the highest extent of quaternization showed no antimicrobial activity.
19
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Combining the SFG results shown above, it is believed that the extended alkyl 
chains on the lower quaternized Q-POSS surfaces are actively used in killing bacteria. 
This proposed method of action has been illustrated in Figure 2.6. The alkyl chains in the 
highly quaternized Q-POSS consequently have less freedom of movement and lower 
bacteria accessibility while those in the lower quaternized Q-POSS can extend readily. 
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Figure 2.5 SFG ssp spectra collected from Q-POSS-incorporated PDMS materials in 
(a) air, (b) water, and (c) ASW. The four samples are (E) R=C16H33-, high extent of 
quaternization; (F) R=C16H33-, low extent of quaternization; (G) R=C18H37-, high 
extent of quaternization; (H) R=C18H37-, low extent of quaternization. 
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Figure 2.6 Schematic showing the surface structures of Q-POSS-incorporated 
PDMS systems in aqueous environment. Different extents of quaternization result in 
different mobility of the alkyl chains. 
 
2.4 CONCLUSION 
In this chapter, SFG has been applied to investigate surface structures of PDMS 
materials incorporated with QAS-based biocides in situ for FR and antifouling coatings. 
Two different PDMS systems, one tethered with QAS and one incorporated with Q-
POSS, were studied in air, water and artificial sea water. Interestingly, in the QAS 
tethered PDMS system, polymers prepared from TES-QAS resulted in better antifouling 
coatings. SFG studies showed that they generated stronger signals from alkyl groups in 
aqueous environments, especially in ASW. This shows that the different reaction 
dynamics of methoxysilane and ethoxysilane can lead to different surface structures of 
QAS-tethered PDMS, resulting in different antifouling activities. In addition, coatings 
prepared from QAS-tethered 18K-PDMS generated stronger SFG signals from the QAS 
alkyl chains than those prepared from the QAS-tethered 49K-PDMS because 18K-PDMS 
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could provide more end groups for QAS tethering. In the Q-POSS-PDMS system, 
materials with a lower extent of quaterniztion exhibited better anti-biofouling properties. 
Our SFG studies indicated that PDMS with low quaternization generated stronger signals 
from methyl end groups of the alkyl chains attached to Q-POSS. This shows that a lower 
degree of quaternization offers more freedom for the alkyl groups to extend and penetrate 
into microbial membranes, thereby neutralizing the microorganisms upon contact.  
In summary, the degree of extension of the alkyl chains in QAS plays an important 
role in preventing bacterial biofilm growth. The correlations made between the SFG 
studies and antifouling properties in this study also agreed well with our previous studies 
on PDMS materials incorporated with QAS possessing different alkyl chain lengths.
28
 
These studies provide a general set of guidelines to follow when designing PDMS 
materials incorporated with QAS to generate antifouling coatings: The QAS groups need 
to segregate to the surface and the QAS alkyl chains need to extend fully into the aqueous 
environment. As a result, the long alkyl chains can penetrate into the cell membrane and 
kill microorganisms. 
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CHAPTER 3 
ANTIMICROBIAL SURFACE STUDIES—
ANTIMICROBIAL PEPTIDE (AMP) IMMOBILIZATION 
TO DIFFERENT SURFACES 
 ANTIMICROBIAL SURFACE STUDIES—ANTIMICROBIAL PEPTIDE 3
(AMP) IMMOBILIZATION TO DIFFERENT SURFACES 
3.1 INTRODUCTION 
Surface immobilization of antimicrobial peptide (AMP) molecules is important in 
many applications such as biosensors, implant devices and nanofabrication.
1-8
 AMPs are 
known to be the new generation antibiotics that combat bacterial pathogens with broad-
spectrum activity.
9-13
 Unlike the currently available antibiotics, which are facing 
antibiotic resistance developed by various bacteria thus leading to a large amount of 
medical expenses as well as patients’ deaths, AMPs have wide spectrum of activity, 
target specificity and low propensity for developing resistance.
14-17
 The immobilization of 
AMPs onto a biomaterial surface not only generates biofunctional surfaces but also helps 
to circumvent AMPs’ potential limitations such as short half-life and cytotoxicity 
associated with higher concentrations of soluble peptides.
1, 3, 18, 19
  
The immobilization of AMPs has been realized mainly through two routes—physical 
adsorption, or tethering via chemical bonding.
1, 3, 20, 21
 Shukla et al. incorporated AMP 
ponericin G1 into a layer-by-layer polyelectrolyte degradable multilayer film and 
reported that the film-released AMP remained active and inhibited bacteria attachment 
while all the AMP contained films were found to be biocompatible.
4
 Soliman et al. 
investigated the behavior of AMP carnobacteriocin B2 on different model self-assembled 
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monolayers (SAMs) using molecular dynamics simulations. They indicated that 
hydrophobic interactions between SAM and AMPs resulted in the strongest adsorption 
and maintained the integrity of the peptide; electrostatic interactions, on the other hand, 
increased the solubility of the peptide and caused substantial changes in the conformation 
of the peptide.
22
 To overcome the leaching and short-lifetime problems of the physical 
immobilized AMPs, covalently-based immobilization methods have been applied.
1, 23-27
 
Mixed thiolated SAM was built to covalently couple AMP Magainin I to the surface by 
Humblot et al. and it was shown that the bacterial adhesion was reduced, the release of 
peptide was minimized and the life time was prolonged.
28
 In 2011, AMP Tet213 was 
chemically conjugated to polymer brushes by Gao et al. They found that the immobilized 
peptide density depended on the grafting density and the composition of the polymer 
brushes and they also related the peptide density with activity.
29
 
To control the functions and activities of surface immobilized peptides, it is crucial 
to investigate the structures of these surface-immobilized peptides.
23, 27, 30-32
 However, the 
characterization of interfacial peptides in situ at solid/liquid interface is challenging due 
to the lack of appropriate analytical tools.
3, 33-35
 Sum Frequency Generation (SFG) 
vibrational spectroscopy, which is again primarily utilized in this chapter, 
36
 is an 
intrinsically powerful technique to study molecular structures and orientations at surfaces 
and interfaces.
33, 37-46
 The observed vibrational spectra contain IR vibrational signatures 
of the sample medium.  
It has been shown in a previous publication from our lab that the orientation of 
physically adsorbed AMP cecropin P1 (CP1) on a polystyrene surface and chemically 
bound CP1 on functionalized polystyrene was different.
31
 Chemical immobilization 
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conditions such as CP1 concentration and solvent hydrophobicity were also examined 
and it was found that the higher the peptide concentration, the faster the immobilization 
reaction could reach equilibrium. In addition, hydrophobic environment helped α-helical 
formation of AMP in solution so the immobilized CP1 had a more uniform 
conformation.
47
 
In this chapter, the surface/interface specific technique SFG, has been applied to 
investigate peptide immobilization process on three different surface platforms. Firstly, a 
polymer (maleimide functionalized polystyrene PS-MA) surface is spin coated on the 
substrate, and the peptide amide I signal is monitored as a function of time after the 
polymer surface contacting with the peptide solution. Cecropin A (1-8)-melittin (1-18) 
hybrid (CEME)
26, 48, 49
 peptide and sheep myeloid antimicrobial peptide (SMAP)
50-53
 are 
used as model AMPs to understand the time dependent immobilization behavior in situ 
and in real time. Secondly, a self-assembled monolayer with maleimide end groups and 
ethylene glycol segments was constructed on substrate surface to prevent nonspecific 
binding and also to increase the surface maleimide density for surface binding. CP1 was 
immobilized to the maleimide-terminated SAM via two different attachment points and 
the final orientation and conformation of the immobilized CP1 were determined. Thirdly, 
to improve the stability of the platform, a maleimide-functionalized polymer was 
deposited on the substrate by a chemical vapor deposition (CVD) method. The 
immobilization of CP1 to this platform was investigated. 
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3.2 EXPERIMENTAL 
3.2.1 Materials and Sample Preparation 
Potassium phosphate (monobasic and dibasic) solutions (1 M), tris(2-
carboxyethyl)phosphine hydrochloride solution (TCEP, 0.5 M, pH 7.0), dichloromethane, 
anhydrous toluene and 2,2,2-trifluoroethanol (TFE) were all purchased from Sigma-
Aldrich (Milwaukee, WI, USA) and used without further treatment. Sheep Myeloid 
Antimicrobial Peptide (SMAP, sequence: RGLRRLGRKIAHGVKKYGPTVLRIIRIAG, 
MW=3359 g/mol, ≥98%) with a cysteine residue at the C-terminus, Cecropin A (1-8)-
Melittin (1-18) hybrid (CEME, sequence: KWKLFKKIGIGAVLKVLTTGLPALIS, 
MW=2898 g/mol, ≥98%) with a cysteine residue at the C-terminus, cecropin P1 (CP1, 
sequence: SWLSKTAKKLENSAKKRISEGIAIAIQGGPR, MW=3442 g/mol, ≥98%) 
with a cysteine residue either at the C-terminus (CP1c) or at the N-terminus (cCP1) were 
all  synthesized by New England Peptide (Gardner, MA, USA) and used without further 
purification. 
Right-angle CaF2 prisms were purchased from Altos Photonics (Bozeman, MT). 
These CaF2 prisms were soaked in toluene for 24 h and then sonicated in 1% Contrex
TM
 
AP solution from Decon Labs (King of Prussia, PA, USA) for 1 h. The prisms were 
thoroughly rinsed with Millipore water (18.2 MΩ·cm) and dried under N2. They were 
placed into an oxygen bench-top plasma cleaner (PE-25-JW) purchased from Plasma 
Etch (Carson City, NV, USA) for 4 min immediately before using.  
3.2.1.1 PS-MA film preparation 
(4-Maleimidobutyramidomethyl)-polystyrene (PS-MA, molecular formula shown in 
Figure 3.1) films were spin-coated onto clean CaF2 prisms using a spin coater (Specialty 
Coating Systems, Indianapolis, Indiana, USA) from a 0.01% PS-MA/dichloromethane 
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solution at 1500 rpm. The polymer films were kept at room temperature for 24 h prior to 
SFG experiments. 
 
Figure 3.1 Molecular formula of PS-MA. 
 
3.2.1.2 SAM preparation and antimicrobial activity test 
A layer of 100 nm of SiO2 was deposited onto clean CaF2 prisms by an electron-
beam deposition process using a SJ-26 Evaporator system at a pressure below 10
-5
 Torr. 
The deposition rate is 5 Å/s. The SiO2 coated CaF2 prisms were treated with the O2 
plasma cleaner for 4 min. These clean prisms were placed in freshly made 1 mM 
maleimide-EG4-silane (Mal-EG4, Creative PEGWorks, Winston Salem, NC, USA) in 
anhydrous toluene for 24 h at room temperature. The molecular structure for Mal-EG4 is 
shown in Figure 3.2. The functionalized prisms were rinsed with copious amounts of 
toluene followed by methanol and were dried under vacuum for 1 h. 
 
Figure 3.2 Molecular formula of maleimide-EG4-silane. 
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To test the antimicrobial activity of the immobilized peptide, glass slides were 
presoaked in Mal-EG4 solutions to prepare maleimide-functionalized SAMs for peptide 
immobilization. These slides were then incubated in a 1.87 μM CP1 PB solution (pH 7.2, 
containing 30 μM TCEP) for 2 h to immobilize the cysteine-modified CP1 onto the 
maleimide SAMs. After washed by DI water, these slides were then placed into a 
Corning 15 mL tube with 2 mL of Luria−Bertani (LB) media. Overnight-grown E. coli 
was inoculated at a concentration of ∼1 × 105 CFU/mL to each Corning tube, and tubes 
were placed in a 37.5 °C incubater with shaking at 150 rpm for 18 h.
54
 After incubation, 
the slides were removed and rinsed with sterile 1× PBS buffer three times and then 
stained with appropriate concentration of fluorescent dyes, SYTO-9, and propidium 
iodide for 20 min in the dark according to the instructions for the LIVE/DEADBacLight 
bacterial viability kit (L7012, Invitrogen, Carlsbad, CA). Stained slides were observed 
under a fluorescence microscope (Olympus 1 × 71, Center Valley, PA) equipped with a 
fluorescence illumination system (X-Cite 120, EXFO) and appropriate filter sets. Images 
were acquired using a 60x objective lens at five random spots on slides. 
3.2.1.3 CVD polymer preparation 
The clean CaF2 prisms were sent to our collaborator Professor Jeorg Lahann’s group 
and PPX-dibromomaleimide (dibromomaleimide functionalized poly-p-xylene, structure 
shown in Figure 3.3) films were deposited on the prisms using chemical vapor deposition 
polymerization method.
55, 56
 The films were controlled to be 10nm thick for optimal SFG 
signal generation. 
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Figure 3.3 Molecular formula of PPX-dibromomaleimide. 
 
3.2.2 Instrumentation and Experimental Setup 
In this chapter a near-total-reflection SFG sample geometry with right-angle CaF2 
prism was used in which two input laser beams travel through one face of the prism and 
overlap on the other face with samples (shown in Figure 3.4). This surface was in contact 
with a reservoir of 2 mL TCEP and a mixture of pH 6.5 phosphate buffer (PB) and TFE. 
EDTA was added to chelate the possible Ca
2+
 ions released from CaF2 prism in the 
solution. TCEP was added to reduce the disulfide bonds formation between peptide 
cysteine residues. Certain volume of an AMP stock solution (1 mg AMP/4 mL water, 
incubated with TCEP for 1 h) was injected to the reservoir to reach a desired peptide 
concentration. A magnetic micro-stirbar was used at a rate of 125 rpm to ensure a 
homogeneous concentration distribution of enzyme molecules in the subphase below the 
prism. After the system was equilibrated, SFG spectra with a polarization combination of 
ssp (s-polarized sum frequency output, s-polarized visible input, and p-polarized infrared 
input) and ppp were collected and used for orientation analysis. All SFG spectra were 
normalized according to the intensities of the input IR and visible beams. 
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Figure 3.4 Schematics showing SFG experimental setup for immobilized peptides on 
surfaces.  
3.3 RESULTS AND DISCUSSION 
3.3.1 Immobilization Of AMP to Maleimide Functionalized Polystyrene (PS-MA) 
Surface 
3.3.1.1 Solvent dependent behavior 
Time dependent. The time-dependent SFG signal intensity at 1650 cm
-1
 under ppp 
polarization combination was monitored after the addition of CA-ME hybrid and SMAP 
(at time zero) to the subphase containing different percentages of TFE in PB (i.e. 0%, 
25%, 50% and 75%), respectively (shown in Figure 3.5. A. CA-ME; B. SMAP. Time 
dependent signals were normalized to 1 according to the highest data point) to monitor 
the peptide immobilization process. It is clear in the figure that the more TFE content was 
present (more hydrophobic) in the subphase solution, the faster the SFG signal increased 
to a certain point. This was true for both CA-ME hybrid and SMAP immobilization. SFG 
signal detected at ~1650 cm
-1
 is contributed from the α-helical structure. In the solution 
with enough TFE, the peptides formed α-helical structure in the solution. Therefore when 
they were adsorbed/immobilized onto the surface, they were already α-helices, generating 
SFG signals at 1650 cm
-1
.
47
 Differently, in the solution with no or lower TFE content, 
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peptides adopted random coil structures in solution. Only when they were 
adsorbed/immobilized onto the PS-MA surface, they started to change to α-helical 
structure. This may take longer time compared to the high TFE content case above.
47
 This 
explains the fast signal increase for high TFE content solution shown in Figure 3.5. The 
later SFG signal decrease in the high TFE case was due to the orientational change of the 
immobilized α-helices.47 For the high TFE cases, the initially immobilized α-helical 
peptide may not have adopted optimized orientation; they would reorientate gradually 
due to the interactions between immobilized peptides. Differently, for the low TFE cases, 
the peptides formed helical structure gradually so they could adopt optimal orientation 
during the immobilization process. As a result, no signal decrease process was observed. 
These TFE-induced differences were observed in a previous publication from our group
47
 
which focused on the immobilization of AMP cecropin P1 to PS-MA surfaces. It is 
believed that the varied kinetics for AMPs immobilizing in solutions with different 
hydrophobicity might be a general observation. 
 
Figure 3.5 SFG time-dependent signal collected at 1650 cm
-1
 for CA-ME (left) and 
SMAP (right) when contacting PS-MA surfaces in different solvent composition 
(Black: 100% PB; Red: 25% TFE in PB; Blue: 50% TFE in PB; Pink: 75% TFE in 
PB) 
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Orientation of the immobilized peptide. SFG spectra were collected from the interface 
between PS-MA and AMP in solutions with different percentages of TFE in PB (i.e. 0%, 
25%, 50% and 75%) using both ssp and ppp polarization combinations after the 
immobilization/reorientation reached an equilibrium state (as shown by a plateau on SFG 
time dependent signal for each case). A medium concentration of peptide was used in 
solution. The resulting spectra are shown in Figures 3.6 and 3.7. A Lorentzian function 
(Equation. 1.17) was used to fit these SFG spectra. The spectra are dominated by a peak 
at ~1650 cm
-1, indicating that the interfacial peptides are predominantly α-helical. Their 
signal strength ratio (χppp/χssp) can be calculated from the fitting parameters of the α-
helical peak. For the four solvents used in this experiment, the ratios of CA-ME were 
measured to be 1.31, 1.55, 1.69 and 1.85 in 0%, 25%, 50% and 75% of TFE in PB, 
respectively. Using the measured ratios, the interfacial orientation of the immobilized 
peptide can be deduced (shown in Figure 3.8) if we assume a delta orientation 
distribution.
47
 For CA-ME immobilized in solution without TFE, the ratio was found to 
not fall in the range for α-helical molecules with a delta orientation distribution. As 
previously discussed, the immobilized peptide molecules may have multiple orientations 
due to the fact that they needed to restructure themselves from predominantly random 
structures in PB to α-helices and during this process both chemical immobilization and 
physical adsorption occured.
46, 47
 For CA-ME immobilized in the other three solvents 
with TFE, it was found that the more hydrophobic the solvent was, the more the peptides 
were lying down. TFE here promoted the fast formation of α-helical structures of the 
peptide which simplified the immobilization process so the immobilized peptide adopted 
a more uniform orientation than those in PB. The more lying down orientation for the 
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higher TFE content case also agrees with the SFG signal decrease as a function of time, 
which was discussed in the previous section. The same trend was found for the other 
AMP SMAP which had measured ratios in these four solvents to be 1.18, 1.54, 1.52 and 
1.75, respectively. Based on these results and the similar observations for CP1 
immobilization we published, it implies that higher hydrophobicity induces a more lying 
down orientation of immobilized AMPs might hold true for all AMPs. 
 
Figure 3.6 SFG ssp (red, filled squares) and ppp (blue, open squares) spectra 
collected from the immobilized CA-ME at the PS-MA/solution interface with 
different solvent compositions. Squares: experimental data; lines: fitting results. 
57 
 
 
Figure 3.7 SFG ssp (red, filled squares) and ppp (blue, open squares) spectra 
collected from the immobilized SMAP at the PS-MA/solution interface with 
different solvent compositions. Squares: experimental data; lines: fitting results. 
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Figure 3.8 Relations between the SFG susceptibility tensor component ratio χppp/χssp 
and the orientation angle for CA-ME (left) and SMAP (right) assuming a delta 
orientation distribution. The colored plots showed the deduced orientations for 
AMPs immobilized in different solvent compositions (Black: 100% PB; Red: 25% 
TFE in PB; Blue: 50% TFE in PB; Pink: 75% TFE in PB) 
 
3.3.1.2 Peptide concentration dependent behavior 
Time dependent. The SFG signal intensity at 1650 cm
-1
 under ppp polarization 
combination was monitored after the addition of different amounts of CA-ME hybrid 
(0.72, 2.16 or 6.48 μM final concentrations) or SMAP (0.62, 1.86 or 5.58 μM final 
concentrations) at time zero to PB with or without TFE to reach different final peptide 
concentrations (shown in Figure 3.9. A. without TFE; B. with 50% TFE. Signal 
intensities were normalized to 1 according to the highest data point for comparison 
purposes). For peptides immobilized in a pure PB environment, the higher the peptide 
concentration, the faster the reaction reached equilibrium. This can be attributed to the 
stronger interaction between peptide molecules that accelerated the immobilization, α-
helix formation, and reorientation.
47
 We believe that, in general, for AMP immobilization 
in pure PB, higher peptide concentration leads to a faster immobilization process. For 
peptides immobilized in 50% TFE in PB, the reaction rate did not seem to be affected 
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significantly by the concentration of the peptides. It is believed that during the AMP 
immobilization, the role TFE plays as a helix inducer is more critical in the 
immobilization dynamics than the concentration of the peptide. Especially, in this case 
the immobilized peptides did not need to form helices at the interface, which may take 
the longest time during the whole immobilization process. 
 
Figure 3.9 Time-dependent SFG signal at 1650 cm
-1
 collected from CA-ME (left) 
and SMAP (right) at the PS-MA/solution (with different peptide concentrations) 
interface. A: in PB without TFE; B: in PB with 50% TFE. 
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Orientation of the immobilized peptide. SFG spectra were collected from the PS-
MA/AMP solution interface with different concentrations of CA-ME hybrid (0.72, 2.16 
or 6.48 μM final concentrations) or SMAP (0.62, 1.86 or 5.58 μM final concentrations) in 
PB containing no or 50% TFE. The resulting spectra were all dominated by a 1650 cm
-1
 
peak which was attributed to the α-helical structure. After fitting the spectra and using the 
parameters for the dominating 1650 cm
-1
 peak as describe above, the signal strength ratio 
(χppp/χssp) for CA-ME hybrid were calculated. For the immobilizations conducted in pure 
PB, both CA-ME and SMAP with varied concentrations had ratios between 1.1-1.3 
which fall out of the orientation curves shown in Figure 3.8. This is indicative that the 
peptides immobilized in pure PB all adopted multiple orientations at the PS-MA/solution 
interface.
46, 47 
As discussed above, this can be explained by the fact that they needed to 
restructure themselves from predominantly random structures in PB to α-helices during 
which both chemical immobilization and physical adsorption occured.
46, 47
 For CA-ME 
immobilized in 50% TFE, the ratios were calculated to be 1,58, 1.69 and 1.61 for 0.72, 
2.16 or 6.48 μM peptide solutions, respectively. χppp/χssp ratios for SMAP immobilized in 
50% TFE were calculated to be 1.55, 1.52 and 1.54 for 0.62, 1.86 or 5.58 μM solutions, 
respectively. It is clear that the orientation of the peptides on the PS-MA surface were not 
affected by the peptide concentration used during immobilization. This again illustrates 
that the role of TFE to induce helical formation overwhelms peptide-peptide interactions 
and this also leads to a more uniform orientation of immobilized AMPs 
3.3.1.3 Effect of physically adsorbed peptide 
We replaced the subphase of AMP solution with Millipore water and washed the PS-
MA/AMP surface thoroughly (at least 3 times) until the monitor of time dependent 
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spectra at 1650 cm
-1
 had no further decrease in the signal intensity. It was found that 
signal first decreased and then stabilized. This was believed to be the result of washing 
off free physically adsorbed peptide and the stabilized 1650 cm
-1
 signal indicated that 
there was chemically immobilized peptide present on the surface.
31
 The washed surfaces 
were then contacted with their original solvent (without any AMPs) to investigate on the 
effect of free peptide on the orientation of the chemically immobilized peptide. SFG ssp 
and ppp spectra were collected from the interface between AMP and the solvent. They 
were further processed for orientation analysis as described above and the results are 
shown in the first two rows of Table 3.1 and Table 3.2. It was found that the orientation 
did not depend on the physically adsorbed peptide shown by similar χppp/χssp ratios before 
and after the washing process. This is suggesting that the orientation of the physically 
adsorbed peptide was the same as those that were chemically attached to PS-MA surfaces. 
It is believed that the orientation of the physically adsorbed peptides also rely on the 
solvent composition in the subphase it is contacting with. In other words, the 
hydrophobicity is the dominating factor in determining the orientation of the immobilized 
AMPs.  
The impact of solvent hydrophobicity on the chemically immobilized peptide was 
also studied on each sample by substituting all the subphase to PB containing 50% TFE. 
The orientation results are shown in the last row of Table 3.1 and Table 3.2. It was 
concluded that the immobilized peptides were still flexible and mobile except for the 75% 
TFE cases. This is shown by the similar χppp/χssp ratios when they were brought into 
contact with PB containing 50% TFE. For the 75% TFE cases, on the other hand, the 
ratios did not change when the surfaces contacted 75% TFE compared to 50% TFE. It is 
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clear that the hydrophobicity of the contacting solution affects the orientation of the 
immobilized AMPs by interacting with the peptide residues. But if a preferred orientation 
(lying down) is reached by contacting a more hydrophobic solvent, the peptides may start 
interacting with the solid surfaces and thus the orientation cannot be restored to be more 
upright. 
Table 3.1 χppp/χssp comparisons for immobilized CA-ME in different solvent 
compositions 
Immobilization and washing conditions 
TFE:PB (v/v) 
0:100 25:75 50:50 75:25 
Before washing 1.31±0.06 1.55±0.03 1.69±0.05 1.85±0.15 
After washing 1.29±0.10 1.56±0.05 1.72±0.07 1.84±0.01 
Contact with 50:50 
(After washing) 
1.71±0.07 1.68±0.03 1.72±0.07 1.85±0.07 
 
Table 3.2 χppp/χssp comparisons for immobilized SMAP in different solvent 
compositions 
Immobilization and washing conditions 
TFE:PB (v/v) 
0:100 25:75 50:50 75:25 
Before washing 1.20±0.06 1.54±0.05 1.52±0.08 1.75±0.13 
After washing 1.29±0.01 1.55±0.04 1.53±0.07 1.77±0.15 
Contact with 50:50 
(After washing) 
1.47±0.05 1.57±0.03 1.53±0.07 1.73±0.03 
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3.3.2 Immobilization of CP1 to SAM Surfaces 
3.3.2.1 Immobilization of CP1 via Different Attachment Points 
A number of studies have been performed to test antimicrobial activity
19, 23
 and 
lipopolysaccharides (LPS) binding ability of AMPs.
57
 Uzarski and Mello found that the 
immobilized CP1 through the C-terminus tethered to SAM had much better LPS binding 
ability than peptides bound through the N-terminus. The CP1peptide has hydrophobic C-
terminus and amphiphilic N-terminus. Immobilization through CP1 C-terminus or N-
terminus on surface may substantially affect the peptide structure. On the basis of this 
assumption, we decided to determine the conformation and orientation of surface 
immobilized CP1 via C- and N-termini. Parameters such as conformation and orientation 
may have a significant impact on both LPS binding and antimicrobial activity; therefore, 
it is crucial to understand and characterize their interfacial behavior.  
This research was carried out along with Dr. Xiaofeng Han in our group. CP1c was 
chemically immobilized onto Mal-EG4 SAM surface. SFG ssp and ppp spectra were 
collected from immobilized CP1c at the SAM/peptide PB solution interface and are 
shown in Figure 3.10a. In contrast with the interactions between CP1c and the PS-MA 
surface, which lead to both chemical immobilization and physical adsorption,
31
 here 
SAMs with four EG segments were able to prevent physical adsorption from peptide to 
the surface. Figure 3.10b presents the SFG ssp and ppp spectra collected from interfacial 
CP1c at the SAM/PB interface after the SAM surface (with CP1c) washed several times 
using PB solution. Both spectral features and the signal intensities are similar to those 
detected from CP1c at the SAM/CP1c solution without washing. This shows that the 
CP1c molecules at the interface are chemically immobilized. If physically adsorbed 
molecules exist at the interface, they would be washed off by PB solution, leading to 
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reduced SFG signal intensity, which was not observed. Also, the measured signal 
strength ratio χppp/χssp from CP1c molecules at the SAM/CP1c PB solution interface leads 
to a delta orientation distribution, which is different from the CP1c at the PS-MA/CP1c 
PB solution interface. At the latter interface, the measured signal strength ratio χppp/χssp 
cannot satisfy a delta or Gaussian orientation distribution due to the presence of both 
chemically immobilized and physically adsorbed peptides. Here the delta orientation 
distribution again shows that all peptides are chemically immobilized. These results 
demonstrate that the EG segments in SAMs effectively prevent the physical adsorption of 
peptide.  
The dominant peak in both ssp and ppp spectra shown in Figure 3.10 is centered at 
1650 cm
-1,which is mainly contributed from an α-helical conformation of CP1c. The SFG 
spectra can be fitted with two peaks: a weak peak at ∼1610 cm-1 and a strong signal at 
1650 cm
-1
. The weak 1610 cm
-1
 peak is attributed to the CO signal of the maleimide 
group on the SAM surface. The signal strength ratio χppp/χssp can be calculated from the 
spectra fitting parameters of the amide I band in the ppp- and ssp-polarized SFG spectra. 
The deduced ratio from the chemically immobilized CP1c on Mal-EG4 SAM is 1.54, 
which corresponds to an orientation angle of ∼35° versus the surface normal for the α-
helical peptide assuming that the peptides exhibit a delta orientation distribution. 
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Figure 3.10 (a) SFG spectra of the Mal-EG4/CP1c PB interface. (b) SFG spectra of 
the Mal-EG4 SAM immobilized with CP1c in contact with a PB solution after PB 
wash. 
 
Under the same conditions, cCP1 was immobilized onto Mal-EG4 SAMs. In contrast 
to the observation from the C-terminus binding, the cCP1 at the Mal-EG4 SAM/cCP1 PB 
solution interface showed a very weak SFG peak in amide I range. Figure 3.11a displays 
the SFG spectra of cCP1 at the Mal-EG4/cCP1 PB solution interface (open dot). The 
solid dots show the SFG spectra of pure Mal-EG4 SAM contacting with PB solution 
before adding cCP1. Again, the peak with a center at 1625 cm
-1
 is due to the maleimide 
group. Therefore, there is minimal difference in the observed SFG spectra upon cCP1 
immobilization. No detected SFG signals from the peptide at the SAM/cCP1 solution 
interface may be due to no peptide binding to the maleimide-terminated SAM surface, a 
random coil structure of the peptide bound, or an α-helical structure lying down. The 
SAM surface was thrice washed then contacted with TFE-PB 50%−50% mixture solution. 
The amide I signal increased dramatically with its peak center at 1650 cm
-1
, as shown in 
Figure 3.11b. This result indicates that cCP1 did immobilize on Mal-EG4 SAMs, but was 
in a random-coil structure or a lying-down helical structure and required TFE to induce 
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α-helical formation or orientational change. Figure 3.11c shows the ppp and ssp spectra 
detected from immobilized cCP1 at the Mal-EG4 SAM/TFE-PB 50%−50% solution 
interface. According to the spectral fitting results, the SFG signal strength ratio χppp/χssp is 
1.94. Under this condition, the immobilized peptides have a single orientational 
distribution with the orientation angle of 67°. A schematic representing the cCP1 
conformation change under different interface conditions (contacting with PB or TFE-PB 
mixture solution) is shown in Figure 3.11d. The N-terminus, having six charged residues, 
may have a strong interaction with the ethylene glycol groups, preventing the peptide 
from forming an α-helical structure. After cCP1 immobilization, the C-terminus, having 
hydrophobic residues, cannot favorably interact with water molecules and may induce the 
peptide to lie down on the surface. The different conformations/orientations of 
immobilized cCP1 and CP1c have been elucidated in more details using MD simulations. 
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Figure 3.11 (a) SFG spectra of the Mal-EG4/PB solution interface (solid circle) and 
the Mal-EG4 SAM/cCP1 PB solution interface (open circle) (b) SFG spectrum of 
Mal-EG4 SAM immobilized with cCP1 in contact with a PB solution after PB wash. 
(c) SFG spectra of Mal-EG4 SAM immobilized with cCP1 in contact with a TFE-PB 
50%−50% mixture solution (ppp and ssp). (d) Schematic of cCP1 conformation 
change at different interface conditions: contacting with PB or TFE-PB solution. 
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3.3.2.2 Antimicrobial properties of immobilized CP1 on SAMs 
The SFG results demonstrate that different binding sites greatly affect the surface 
immobilized CP1 secondary structure and orientation. Solution-based antimicrobial tests 
were used here to investigate the relationship between immobilized peptide structure and 
the antimicrobial activity. Two kinds of CP1-immobilized surfaces (which were 
previously studied by SFG) were tested: Mal-EG4 SAM immobilized with CP1c, and 
Mal-EG4 SAM immobilized with cCP1. The glass slides with SAMs immobilized with 
CP1 were soaked in 10
5
 CFU/mL E.coli containing culturing solution for 18 h at 37.5 °C. 
Because the peptides were chemically immobilized on the surface of the test slides, no 
leaching of peptides into the solution is expected. No obvious inhibition on E. coli growth 
in the bacterial culture solution was observed. 
We observed that the slide surfaces were attached with bacteria cells stained with the 
Bacterial LIVE/DEAD dyes by fluorescence microscopy. We observed the surface-
attached bacteria on slides by fluorescence microscopy after bacterial cells were stained 
with Bacterial LIVE/DEAD staining dyes. Figure 3.12 displays fluorescence images 
showing bacteria on different surfaces of Mal-EG4 SAM immobilized with CP1c (a), and 
Mal-EG4 SAM immobilized with cCP1 (b). In these graphs, viable cells generate green, 
while dead or membrane-damaged cells generate red fluorescence signals. Composite 
figures of both alive and dead cells are shown in the left panels, whereas the right panels 
show only the dead cells from the corresponding image on the left. From these images, 
there was not a substantial difference in the numbers of attached or killed bacteria for 
either of the cecropin attachment sites on Mal-EG4; CP1c immobilization with an α-
helical structure shows slightly better bacterial capturing/killing capability. If we assume 
that the CP1 peptides need to form (a standing-up) α-helical structure in the bacterial cell 
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membrane to capture and kill bacteria, the observation demonstrates that the immobilized 
peptides originally with a random-coil structure or lying-down helical structure will 
change into α-helical structure or change its orientation in the bacterial cell membrane to 
capture and kill the bacteria. The TFE contacting SFG experiments of cCP1 (shown in 
Figure 3.11c) demonstrated this possibility: immobilized cCP1 adopts a tilted α-helical 
structure. 
 
Figure 3.12 Representative fluorescence micrographs showing comparison of Mal-
EG4 immobilized with (a) CP1c and (b) cCP1 after soaking in 10
5
 CFU/mL E. coli 
containing 50 mM GSH for 18 h at 37.5 °C. Bacterial cells were stained with 
Bacterial LIVE/DEAD staining dyes, and viable cells show green while dead or 
membrane damaged cells show red fluorescence in the images. Images shown in the 
left column contain a composite image of both alive and dead cells, whereas the 
right images contain only the dead cells from the corresponding images on the left. 
Scale bar represents 20 μm in length and applies to all images. 
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3.3.3 Immobilization of CP1 to Polymer Prepared by Chemical Vapor Deposition 
(CVD) Polymer 
Professor Joerg Lahann’s research group has developed a novel vapor-based surface 
modification technique using chemical vapor deposition (CVD) polymerization which 
creates a thin reactive polymeric film onto substrate surfaces. These coatings are made of 
poly-p-xyxlene (PPX) where different functional anchor moieties can be introduced in 
order to generate reactive functionalities for further surface modification.
55, 56
 These films 
bear several advantages such as biocompatibility and excellent mechanical properties. 
Their compositons can be precisely controlled and they are uniform and byproducts-free. 
The uniformity, durability and versatile functionality make the CVD polymer coatings 
desired platforms for us to move on to investigate peptide immobilization after our model 
studies on SAMs. The functional moiety selected in this work is dibromomaleimide 
(structure shown in Figure 3.3). This moiety not only possesses the specific reactivity 
towards the thiol group in the cysteine residue, but it is also compatible with the CVD 
process while the regular maleimide moiety is not. 
3.3.3.1 Reversible reaction between dibromomaleimide and CP1 
It has been reported in previous publications that the dibromomaleimide functional 
group binds with protein via maleimide-thiol coupling chemistry. However, the resultant 
protein-maleimide products can be cleaved to regenerate the unmodified protein by the 
addition of a phosphine or a large excess of a disulfide bond breaker.
58, 59
 As a result, 
before exploring the details of peptide immobilization on a dibromomaleimide CVD 
surface, we first investigated the reversible reaction between the peptide and 
dibromomaleimide. 
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The synthesis and characterization of the polymerization precursor was done by 
collaborators in Professor Lahann’s group to confirm the presence of dibromomaleimide 
functionality by NMR, FTIR and XPS. The reactivity of the dibromomaleimide moiety 
towards cysteine thiols was also supported by imaging ellipsometry. My collaborators 
also performed an ex situ study on the reversibility of the reaction using XPS. In this 
section, SFG was employed to further examine the reaction and the reversibility in situ 
and in real time. 
In the SFG experiment, the signal intensity at 1650 cm
-1
 in the amide I region was 
monitored which corresponds to the α-helical secondary structure in CP1c immobilized at 
the interface. CP1c buffer solutions (with 1:1 TCEP:CP1c to reduce possible disulfide 
bonds formed between CP1c molecules) was used in this study. After the PPX-
dibromomaleimide surface was brought into contact with the CP1c solution, the SFG 
signal intensity from the CP1 α-helical structure was detected as a function of time 
Figure 3.13, panel A. This signal intensity increased as a function of time which indicates 
that the CP1c molecules were immobilized to the CVD polymer surface and formed 
aligned α-helical structure. In order to prove that chemical linkage did occur during the 
contact, the subphase was replaced at least three times by fresh buffer solution to wash 
off any physically adsorbed peptide.
31
 The result SFG signal intensity decreased shown in 
Figure 3.13 panel B and according to this time dependent signal change, it is believed 
that certain CP1c molecules were physically adsorbed and were washed off. The rest of 
the CP1c molecules were chemically bound to the dibromomaleimide moieties thus could 
not be washed off. In panel C, an excessive amount of TCEP was added to the subphase 
in order to reverse the dibromomaleimide-thiol reaction. From this result, it is clear that 
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the chemically bound CP1c molecules were completely cleaved from the 
dibromomaleimide surface because the signal of the α-helical secondary structure in the 
amide I region decreased to zero. This was further confirmed by another washing cycle 
displayed in panel D which shows that not further signal decrease of the 1650 cm
-1
 signal 
was observed. 
 
Figure 3.13 SFG time-dependent signal collected from CP1c immobilized at the 
PPX-dibromomaleimide/CP1c PB solution interface. A. after the addition of CP1c to 
the PB buffer; B. after washing the CP1c-immobilized surface with PB; C. after the 
addition of excessive amount of TCEP to PB; D: after final washing of the surface. 
 
3.3.3.2 Immobilization of CP1 via different attachment points 
To investigate peptide immobilization on the PPX-dibromomaleimide CVD polymer 
surface, CP1 was chosen as a model AMP to start with and the immobilization via either 
C-terminus or N-terminus was both conducted and analyzed. To avoid the effect from 
physically adsorbed peptide molecules, the surface was washed with fresh PB for at least 
three times after it was equilibrated with CP1. Data analysis was performed on these 
chemically bound CP1 molecules using SFG spectra taken at the amide I stretching 
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region. Both ssp and ppp polarization combinations were used for orientation 
determination. 
According to the results shown in Figure 3.14 A and B, α-helical signal at 1650 cm-1 
can be observed in ssp as well as ppp polarization combinations at both immobilized 
cCP1 and CP1c/PB interface after copiously washing off the physically adsorbed peptide. 
However, the intensities of SFG signals detected from CP1c were much higher than those 
from cCP1. For example, for ppp spectra, the signal intensity is more than ten times 
higher for CP1c than for cCP1. This difference was similar to what was observed on the 
Mal-EG4 SAM surface where cCP1 had a significantly lower α-helical signal compared 
to CP1c. This is again attributed to the stronger interaction between the peptide residues 
and the solid surface. The PPX-dibromomaleimide surface, compared to Mal-EG4, has 
no ethylene glycol segment and is more hydrophobic to favorably interact with the 
hydrophobic residues closer to the C-terminus. As a result, the “free” hydrophobic C-
terminus of the immobilized cCP1 may tilt more towards the surface, leading to weaker 
signal.  
After fitting the ssp and ppp spectra, it was concluded that the immobilized CP1c 
adopted multiple orientations and the immobilized cCP1 adopted a single orientation of 
about 47°. Due to the strong 1650 cm
-1
 signal observed on CP1c/PB interface, it is likely 
that although they had multiple orientation but the orientations were close to the surface 
normal in upright positions. The cCP1, on the other hand, interacted more with the 
surface so the peptide molecules lied closer to the surface. 
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Based on the discussion about the effect of different attachment points on 
immobilization of peptide to both SAM and CVD polymer surfaces, it was concluded that 
the interaction between peptide amino acid residues (especially the amino acids near the 
“free terminus”) and the solid surface plays an important role in determining the 
conformation and orientation of the immobilized peptide. This was confirmed by the 
molecular dynamics (MD) simulation on the immobilized CP1c and cCP1 performed by 
Professor Charles Brooks’ research group. MD simulation results indicated that the 
peptide-surface interaction strongly depends on the hydrophobicity and charge properties 
of residues of the peptides, especially those near the two termini. Using MD simulation 
they also proposed a new sequence of modified cCP1 by mutating several residues 
(CSWLSKTAKKLENSAKKRISEGAAQAAQGGPR, MW=3373 g/mol). This sequence 
was proven in MD simulation to help stabilize the structure and orientation of 
immobilized cCP1 on maleimide surfaces because it minimizes the peptide/solid surface 
interactions. 
An SFG experiment was performed on this proposed stable cCP1 in comparison with 
regular cCP1. As shown in Figure 3.14C, the SFG signal contributed from α-helical 
structures formed at the interface increased about 4 times for stable cCP1 in comparison 
to regular cCP1. Fitting the ssp and ppp spectra gave us a χppp/χssp ratio of 1.41 which 
indicates that the immobilized stable cCP1 stand upright on the interface with a tilt angle 
of about 20°. This immobilized stable cCP1 had orientation standing more upright at the 
interface than the 48° deduced for regular cCP1. This is evidence to show that the 
proposed stable cCP1 did actually minimize the interaction between the peptide 
molecules with the solid maleimide surface. In theory, we believe the stable cCP1 can 
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yeild a better antimicrobial surface by making the peptide more readily exposable to cell 
membranes. 
 
Figure 3.14 SFG ssp and ppp spectra collected from PPX-dibromomaleimide/PB 
interfaces with immobilization of A. CP1c; B. cCP1 and C. Stable cCP1. 
 
3.4 SUMMARY 
In this chapter, various factors associated with peptide immobilization were studied 
in order to understand their effects especially on the conformation and orientation of the 
immobilized peptide by using in situ surface sensitive SFG spectroscopy. Different 
surface platforms were constructed to improve the packing density of functional groups, 
controllability, and durability. On a PS-MA surface, it was found that the peptide solution 
concentration and solvent composition both influenced the immobilization process and 
the final orientation of the immobilized peptides while the physically adsorbed peptide 
did not affect the orientation very much. To increase the surface density of maleimide 
functionality and to minimize physical adsorption, a maleimide terminated SAM with an 
ethylene glycol segment was constructed on substrates. The immobilization of peptide 
through the C-terminus to Mal-EG4 showed a single orientation distribution with an 
orientation angle of 35° versus surface normal while the N-terminus immobilized peptide 
either adopted a random-coil structure or a lying-down helical structure. To expand the 
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application of immobilized peptides to any substrates, a polymeric film with good 
mechanical properties was formed by CVD polymerization, which can be deposited on 
any substrates. The immobilization condition of peptides on such a CVD polymer surface 
was first evaluated and model peptide was immobilized on this surface through either C- 
or N-terminus. Again, compared to C-terminus immobilization, N-terminus 
immobilization resulted in a more random structured or lying-down peptide layer. MD 
simulations were then employed to unveil the mechanism that led to the differences of 
immobilization via different attachment points. It was demonstrated that the 
hydrophobicity of peptide residues (especially those near the free terminus) plays 
important roles in determining the interaction with the surface and thus the conformation 
and orientation of the peptide. A stable N-terminus CP1 was proposed with three of its 
residue mutated. Both MD simulations and SFG experiments showed that this stable 
cCP1 resulted in less interaction with the surface, leading to a better folded and oriented 
CP1 immobilized on the surface. 
From these results, we have identified factors that affect peptide immobilization in 
general including solvent composition and peptide concentration. We further 
demonstrated that the same peptide immobilized using different sites can adopt varied the 
conformations and/or orientations, due to the different interactions between the surface 
and the immobilized peptide. Such interactions can be elucidated in detail using MD 
simulations. MD simulations can also be used to designed peptides to minimize the 
surface interaction to adopt desired structures, which can be tested using SFG 
experiments. It is believed that the study in this chapter will help to design peptides with 
optimized sequences to maximize the activity after the surface immobilization.  
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CHAPTER 4 
ENZYME IMMOBILIZATION THROUGH DIFFERENT 
ATTACHMENT SITES 
 ENZYME IMMOBILIZATION THROUGH DIFFERENT 4
ATTACHMENT SITES 
4.1 INTRODUCTION 
The immobilization of enzymes on solid supports 
1-4
 has found many applications 
ranging from biosensors used in energy and medical fields to other biocatalyst carriers 
such as antifouling coatings, food packaging materials and biofuel cells.
5-16
 The 
advantages of using immobilized enzymes, as opposed to using them in free solution, 
include improved stability, reusability and localization. These features allow better 
control of manufacturing processes and reduce production costs by efficiently recycling 
the enzymes.
4, 17
 Additionally, the architecture, chemical and mechanical properties of 
solid supports can be manipulated to improve the loading capacity and modulate the 
selectivity and activity of the attached enzymes.
10, 18-20
 Advances in molecular biology 
such as the availability of gene synthesis have made it possible to easily tailor enzymes to 
facilitate various immobilization strategies. 
A number of techniques have been used for enzyme immobilization, including 
entrapment, encapsulation, surface immobilization through non-covalent bonds such as 
physical adsorption (hydrophobic-hydrophobic interaction) or ionic binding and, lastly, 
covalent attachment to the surface.
1, 13, 21
 Physical adsorption is commonly used because 
of its simplicity. However, the non-covalent nature of physical adsorption often results in 
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leaching of enzyme from the surface over time. Leaching is prevented by covalently 
binding the enzyme to appropriately functionalized surfaces. A frequently used approach 
involves crosslinking the enzyme to the surface through lysine residues on the protein 
using reagents such as glutaraldehyde or carbodiimides.
4, 8
 However, because proteins 
typically have multiple lysine residues, this leads to random surface orientation, multiple 
crosslinks and often unfolding, all of which reduce enzyme activity. A more specific 
approach involves tethering the enzyme through cysteine residues, which are infrequently 
found on the exterior of proteins, and that can be chemically linked to maleimide-
functionalized surfaces. Unique cysteine residues can easily be introduced by 
mutagenesis into the enzyme at a well-defined position on the protein’s surface. This, in 
principle, allows the orientation of the enzyme with respect to the surface to be controlled.  
Enzymes tend to lose their activity when in contact with a support surface,
22-24
 a 
phenomenon that has been attributed to unfavorable orientation and (partial) unfolding. 
However, detailed information about the structure and orientation of surface-immobilized 
enzymes remains lacking due to the technical difficulties associated with characterizing a 
single layer of enzyme molecules on a surface.  To address this problem we have used 
surface sensitive vibrational spectroscopies such as sum frequency generation 
spectroscopy (SFG) which involves a second order nonlinear optical process and is 
intrinsically surface sensitive. 
25-33
 It has been shown to be an extremely powerful tool for 
studying the secondary structures and orientations of interfacial peptides and proteins. 
34-
50
 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) 
provides another technique to study peptide/protein interfacial structure and orientation 
with penetration depth of a few microns.
51-54
 A combination of SFG and ATR-FTIR has 
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been used to determine complicated orientations of peptides and orientation of complex 
proteins. 
55-57
 
In the chapter, we have used 6-phospho-β-galactosidases (β-Gal) from Lactococcus 
lactis as a model enzyme for which detailed structural and kinetic information is 
available. 
58
 We engineered this enzyme to contain a unique surface cysteine. This 
allowed the protein to be attached through unique, chemically defined linkage to a 
chemically well-defined surface, in this case a maleimide-terminated self-assembled 
monolayer (SAM) assembled on a silica surface. 
43, 59-61
 We have selectively picked the 
engineering site to be either on the side of the enzyme opposite to or close to its active 
site to investigate the orientation of the immobilized enzyme with respect to the surface 
normal using SFG and ATR-FTIR, and examined how attaching the enzyme to the 
surface changes its activity.  
4.2 EXPERIMENTAL 
4.2.1 Materials and Methods 
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, 
USA) and used without further purification unless otherwise stated. 
4.2.2 Synthesis of Model Enzymes with Cysteine at Selected Sites 
This work was performed by collaborators from Professor Marsh group. β-Gal (PDB 
2PBG)
58
 from Lactococcus lactis was synthesized by gene expression in E. coli. The 
sequence was modified to replace all native cysteine residues with alanine. And 
constructs of β-Gal with cysteine residue at desired positions were made by using site-
directed mutagenesis. The activity of different constructs was confirmed to be similar to 
the wild type in solution.  
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4.2.3 Functionalization of Substrates 
Right-angle CaF2 prisms were purchased from Altos Photonics (Bozeman, MT, 
USA). These CaF2 prisms were soaked in toluene for 24 h and then sonicated in 1% 
Contrex
TM
 AP solution from Decon Labs (King of Prussia, PA, USA) for 10 min. The 
prisms were thoroughly rinsed with Millipore water (18.2 MΩ·cm) and dried under N2. 
They were placed into an oxygen bench-top plasma cleaner (PE-25-JW) purchased from 
Plasma Etch (Carson City, NV, USA) for 4 min immediately before being coated with 
SiO2. A layer of 100 nm of SiO2 was deposited onto the CaF2 prisms by an electron-beam 
deposition process using a SJ-26 Evaporator system at a pressure below 10
-5
 Torr. The 
deposition rate is 5 Å/s. 
The SiO2 coated CaF2 prisms were treated with the O2 plasma cleaner for 4 min. 
These clean prisms were placed in freshly made 1 mM maleimide-EG4-silane (Mal-EG4, 
Creative PEGWorks, Winston Salem, NC, USA) or octadecyl trichlorosilane (OTS) in 
anhydrous toluene for 24 h at room temperature. The molecular structures for Mal-EG4 
and OTS are shown in Figure 4.1A. The functionalized prisms were rinsed with copious 
amounts of toluene followed by methanol and were dried under vacuum for 1 h. Both 
SAMs were characterized by using x-ray photoelectron spectroscopy (XPS) to 
demonstrate their chemical composition. 
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Figure 4.1 A: Molecular formulas for Mal-EG4 and OTS. B: SFG experimental 
geometry used in this study. This is a near-total-reflection geometry. The sample 
surface is in contact with a reservoir of buffer solution containing enzyme molecules. 
C: Crystal structure of -Gal-V152C. The cysteine group can bind to the maleimide 
group on Mal-EG4 SAM to immobilize -Gal to the surface. The binding site is 
opposite to the enzyme active site. 
4.2.4 Instrumentation and Setup 
4.2.4.1 SFG 
The SFG details have been described in previous chapters. In this study, a near-total-
reflection geometry (shown in Figure 4.1B) with right-angle CaF2 prism was used, in 
which two input laser beams travel through one face of the prism and overlap on the other 
86 
 
face coated with a SAM grown on a deposited SiO2 thin layer. This surface was in 
contact with a reservoir of 2 mL containing 5 mM pH 7.2 phosphate buffer (PB) and 0.1 
mM TCEP. The appropriate volume of an enzyme stock solution (1 mM TCEP was 
added to the enzyme stock solution and incubated with gentle shaking at room 
temperature for 2h beforehand to reduce potential disulfide bonds) was injected to the 
reservoir to reach a concentration of 4 μM. A magnetic micro-stir bar was used at a rate 
of 125 rpm to ensure a homogeneous concentration distribution of enzyme molecules in 
the subphase below the prism. After the system was equilibrated, SFG spectra with a 
polarization combination of ssp (s-polarized sum frequency output, s-polarized visible 
input, and p-polarized infrared input) and ppp were collected and used for orientation 
analysis. All SFG spectra were normalized according to the intensities of the input IR and 
visible beams. 
The primary experimentally measured quantity used for orientation analysis in SFG 
study for this research is the ratio of effective second-order nonlinear optical 
susceptibility tensor components detected in the ppp and ssp polarizations:     
   
/    
   
 
(after deconvoluting the Fresnel coefficients). Methods of determining molecular 
orientation for single peptides and larger proteins have been reported before.
38, 40, 41, 62-65
 
We have previously developed a computer program that performs these calculations in a 
semi-automated fashion for proteins that contain many α-helices, and this program makes 
it possible to characterize the orientation of complex molecules in terms of the tilt (θ) and 
twist angles (ψ).41, 56  
87 
 
4.2.4.2 ATR-FTIR 
ATR-FTIR experiments were carried out with a Nicolet Magna 550 FTIR 
spectrometer using a detachable ZnSe total internal reﬂection crystal (Specac Ltd. Slough, 
England). The ZnSe crystal surface was cleaned with methanol, 1% Contrex
TM
 AP 
solution, and Millipore water and then treated in the O2 plasma chamber for 2 min 
immediately before SiO2 (50 nm by electron-beam deposition as described above) 
deposition. The SiO2 coated ZnSe crystal was treated with the O2 plasma chamber for 2 
min and the same preparation procedure for above discussed SFG study was followed to 
functionalize the surface of the ZnSe crystal with maleimide-EG4-silane. After the SAM 
was formed on the crystal surface, pH 7.2 phosphate buffer and TCEP solution in D2O 
was added to the trough of 1.6 mL above the crystal to reach a final concentration of 5 
mM and 0.1 mM, respectively. D2O was used to avoid possible signal confusion between 
the O-H bending mode and the peptide amide I mode and to ensure a better S/N ratio in 
the peptide amide I band region. After taking the background spectra, the appropriate 
volume of an enzyme stock solution (1 mM TCEP was added to the enzyme stock 
solution and incubated with gentle shaking at room temperature for 2h beforehand to 
reduce potential disulfide bonds) was injected into the subphase to achieve the desired 
enzyme concentration of 4 μM. The s- and p-polarized ATR-FTIR spectra of the enzyme 
interacted with SAM were taken for orientation analysis after the system reached 
equilibrium.  
We also developed a computer program similar to the SFG data analysis program to 
analyze ATR-FTIR data.
56
 This program was used to analyze ATR-FTIR spectra to relate 
protein orientation to the dichroic ratio R
ATR
 which is related to the fitted peak intensities 
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(or integrated absorbance) of a peak in the parallel or perpendicular polarizations 
respectively.  
To enable direct comparisons between ATR-FTIR and SFG orientation analysis 
methodologies for α-helices, we have derived the helical orientation relations for ATR-
FTIR using a consistent set of rotation conventions.
56
 Due to the large number of terms in 
the resulting equations, the algebraic details are not presented here, but these equations 
have been directly integrated into the computer software for SFG and ATR-FTIR data 
analysis.
56
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Molecular Orientation of Enzymes Attached to Surfaces through Defined 
Chemical Linkages 
6-phospho-β-galactosidase (β-Gal) from Lactococcus lactis was chosen as a model 
enzyme for this research because it is predicted to generate a large SFG signal due to its 
-helical structure (based on calculations using the computer software discussed above). 
Previous reports had demonstrated that the enzyme maintains activity when immobilized 
on various solid supports via physical adsorption, covalent binding, chemical aggregation, 
encapsulation, and entrapment to increase their stability and reusability.
66-72
 β-
galactosidase activity can be assayed using commercially available chromogenic or 
fluorogenic substrates, providing simple and sensitive ways to investigate the effects of 
immobilization on enzyme activity.  The enzyme adopts a -barrel fold 
58
 (PDB 
2PBG) with all the -helixes pointing in approximately the same direction (Figure 4.1C). 
This is important, because it allows the orientation of the immobilized enzyme with 
respect to the surface to be experimentally determined by SFG spectroscopy. 
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4.3.2 SFG and ATR-FTIR experiments and data analysis for -Gal on Mal-EG4 
SAM 
4.3.2.1 Evidence of elimination of non-specific binding with EG4 segments 
To prevent or minimize the physical adsorption of -Gal molecules on the surface, 
oligo-ethylene glycol (OEG) “spacer” groups were incorporated into SAM molecules. 60, 
73, 74
 Previous studies have shown that both tightly bound water associated with OEG 
chains and their high flexibility play important role in preventing non-specific protein 
adhesion.
73, 75-77
  SFG ssp spectra were collected from the interface of Mal-EG4 SAM and 
buffer solution before and after the addition of “no cysteine” -Gal.  The similarity of 
spectra in the amide I region (Figure 4.2) shows that either no enzyme was adsorbed onto 
the SAM surface or the adsorbed enzymes are randomly oriented.  However, the 
similarity of spectra in the C-H and O-H regions recorded before and after the 
introduction of -Gal indicates that bound water molecules were not replaced by enzyme 
77
 showing that unlikely enzyme is adsorbed to the Mal-EG4 SAM by physical 
interactions.  
 
Figure 4.2 SFG ssp spectra collected from the Mal-EG4/PB solution interface before 
(black, filled squares) and after (red, open squares) introducing “no cysteine” -Gal 
to the buffer solution in the amide I (left) and C-H/O-H stretching frequency regions. 
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4.3.2.2 Evidence of the direct single-point chemical attachment between Mal-EG4 SAM 
and cysteine-modified β-Gal 
Figure 4.3 shows that SFG ssp spectra from the maleimide-terminated SAM/buffer 
solution interface, recorded in the absence of β-Gal-V152C (spectrum in black). A weak 
SFG signal was detected from the maleimide groups of the SAM with a peak centered 
around 1620 cm
-1
. After incubating the maleimide-terminated surface with -Gal-V152C, 
SFG amide I signal centered at ~1650 cm
-1
 was observed (Figure 4.3 in red). SFG spectra 
were again collected after extensively washing the interface with buffer to remove any 
non-covalently adsorbed protein. The SFG signal does not have a noticeable change after 
washing, consistent with the conclusion that -Gal-V152C molecules are chemically 
immobilized on the Mal-EG4 surface (Figure 4.3, spectrum in blue).  The spectrum is 
dominated by a peak at ~1650 cm
-1
 which is contributed by the -helical components and 
a peak at ~1635 cm
-1
 which is contributed by the β-sheet components in -Gal 
immobilized at the SAM/protein solution interface.  
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Figure 4.3 SFG ssp spectra collected from the Mal-EG4 SAM/buffer solution 
interface before (black, squares) and after (red, circles) the addition of -Gal-V152C. 
Strong SFG signal was observed after the addition of -Gal-V152C, indicating the 
surface immobilization. SFG signal remains the same (blue, triangles) after washing 
the interface with buffer, showing that the chemical immobilization occurred.  
 
4.3.2.3 Orientation determination 
a) SFG results 
In addition to the ssp SFG spectrum, SFG ppp spectrum was also collected for -
Gal-V152C chemically immobilized on the maleimide-terminated SAM. Both spectra are 
shown in Figure 4.4A. After fitting, the ratio of χppp/χssp at 1650 cm
-1
 was determined to 
be 1.70. The fitting parameters are shown in Table 4.1. After correcting the effect of 
Fresnel coefficients on the two polarization combinations, it was deduced that the 
measured χzzz/χxxz value was 1.91 for the immobilized β-Gal. As we showed in ref. 56, 
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plotting this value on the theoretical contour map of χzzz/χxxz (calculated as a function of 
the tilt angle and twist angle for this enzyme using the computer software 
56
 based on the 
-Gal crystal structure), we were able to deduce the possible orientation regions of the 
immobilized -Gal at the Mal-EG4 SAM/enzyme solution interface (Figure 4.4C). In the 
orientation determination, the enzyme reference position (0,0 – tilt angle, twist angle) is 
defined using a -Gal orientation in which the surface cysteine residue chemically binds 
to the surface maleimide group (Figure 4.4B). 
Figure 4b indicates that many tilt and twist angle combinations can satisfy the 
deduced experimental results. To place more constraints and thus narrow down the 
possible orientations for -Gal at the interface, we incorporated the polarized ATR-FTIR 
measurements below. SFG and ATR-FTIR measure different structural information and 
so these measurements provide independent information on protein orientation.
55, 62
 
Table 4.1. SFG fitting parameters 
SAM Polarization 
combinations 
Peak center 
(cm
-1
) 
Peak width 
(cm
-1
) 
Signal 
Strength 
Assignment 
Mal-EG4 ssp 1620 10.0 10.7 Maleimide C=O groups 
from SAM 
1635 10.0 10.7 β-sheets in β-Gal 
1650 15.0 91.0 α-helices in β-Gal 
ppp 1620 10.0 18.0 Maleimide C=O groups 
from SAM 
1635 10.0 15.45 β-sheets in β-Gal 
1650 15.0 154 α-helices in β-Gal 
OTS ssp 1600 15.0 11.3 Side chains in β-Gal 
1625 10.0 6.81 β-sheets in β-Gal 
1644 15.0 37.5 Random β-Gal structure 
1650 16.0 55.3 α-helices in β-Gal 
1680 10.0 14.2 β-sheets in β-Gal 
1710 10.0 15.4 Side chains in β-Gal 
ppp 1600 15.0 12.1 Side chains in β-Gal 
1625 10.0 19.9 β-sheets in β-Gal 
1644 15.0 43.4 Random β-Gal structure 
1650 16.0 106 α-helices in β-Gal 
1680 10.0 15.9 β-sheets in β-Gal 
1710 10.0 27.9 Side chains in β-Gal 
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Figure 4.4. A: SFG ssp (red, filled squares) and ppp (blue, open squares) spectra 
collected from the immobilized -Gal-V152C at the Mal-EG4 SAM/solution 
interface. Squares: experimental data; lines: fitting results. B: The orientation of -
Gal with tilt angle = 0, twist angle = 0. The cysteine functionalized site is shown in 
red. SAM is shown as a blue plane. C: Top: Dependence of the SFG χzzz/χxxz ratio on 
the tilt/twist angles of -Gal calculated using the newly developed computer 
package.
56
 Bottom: Possible orientation angle regions deduced based on the 
experimentally measured χzzz/χxxz ratio of -Gal-V152C. Colors indicate the quality 
of the match (1=exact).  
b) ATR-FTIR results 
ATR-FTIR spectra were collected using the p-polarized and s-polarized IR beams 
(Figure 4.5A). Polarized ATR-FTIR spectra have been used to study peptide and protein 
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orientations.
51, 52
 Especially, the amide I ATR-FTIR spectra (mainly contributed by the 
backbone C=O stretches) were chosen for analysis because the amide I signals have 
different peak centers for different protein secondary structures, which were discussed in 
detail in literature.
 51, 52
 By fitting the amide I ATR-FTIR spectra using Gaussian peaks, 
the peak centers are in direct correlation with the secondary structures contained in a 
protein. The ATR-FTIR spectra in Figure 4.5A were fitted and the dichroic ratio was 
deduced for the signal at ~1655 cm
-1
 which is attributed to α-helical components of β-Gal. 
The fitting results are shown in Table 4.2 and the dichroic ratio was calculated to be 1.67. 
Unlike SFG, ATR-FTIR is not inherently sensitive to ordered structures (e.g., -helices), 
and consequently the ATR-FTIR spectra contained more vibrational peak centers 
corresponding to additional secondary structures (e.g., random coil at 1644 cm
-1
). From 
the fitting results, we can see that the ATR-FTIR spectra contain contributions from the 
α-helix, β-sheet and random coil structures in this immobilized enzyme. Similar to the 
SFG data analysis, the theoretical ATR-FTIR signal response from β-Gal was also 
calculated as a function of the tilt and twist angles.
56
 By combining the computed ATR-
FTIR response and the experimentally deduced R
ATR
 of 1.67, the possible combinations 
of the tilt and twist angles of the immobilized β-Gal can be deduced at the Mal-EG4 
SAM/enzyme solution interface (Figure 4.5B). Similar to the SFG result, many possible 
combinations of the tilt and twist angles can satisfy the experimental data so that a unique 
orientation of -Gal with respect to the interface could not be determined by ATR-FTIR 
alone. 
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Table 4.2. ATR-FTIR fitting parameters 
Polarization Peak center 
(cm
-1
) 
Peak width  
(cm
-1
) 
Intensity Assignment 
S 1631 10.0 0.00171 β-sheets in β-Gal 
1640 10.0 0.00286 Random coils in β-Gal 
1655 12.0 0.0112 α-helices in β-Gal 
p  1631 10.0 0.00211 β-sheets in β-Gal 
1640 10.0 0.00542 Random coils in β-Gal 
1655 12.0 0.0187 α-helices in β-Gal 
 
 
Figure 4.5 A: ATR–FTIR spectra collected from the immobilized -Gal-V152C at 
the Mal-EG4 SAM/solution interface using p (blue, open squares) and s (red, filled 
squares) polarizations. Squares: experimental data; lines: fitting results. B: 
Dependence of the ATR–FTIR dichroic ratio RATR on the tilt/twist angles of -Gal 
calculated using the newly developed computer package.
56
 Right: Possible 
orientation angle regions deduced based on the experimentally measured R
ATR
 ratio 
of -Gal-V152C. Colors indicate the quality of the match (1=exact). 
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c) Combining orientational constraint from SFG and ATR-FTIR  
By overlapping the possible orientation angle regions deduced using SFG and ATR-
FTIR measurements (Figure 4.6) it can be seen that there are only six regions in which 
the possible orientation angle combinations can satisfy both SFG and ATR-FTIR 
measurements. Furthermore, because the cysteine residue in β-Gal must be in contact 
with the SAM surface, we could exclude the possible orientations with tilt angles larger 
than 90 degrees.  If we choose the best matches between the experimentally measured 
data and the calculated orientations, for the regions with tilt angles smaller than 90
o
, we 
have one large area (an arc) with possible tilt angles ranging from 15
o
 to 30
o
 while twist 
angles ranging from 60
o
 to 130
o
, along with a very small region of tilt angle of around 75
o
 
and twist angle of around 30
o
 (Figure 4.6, right plot). We plot two representative 
orientations from the first arc region and one orientation from the latter small angle 
region in Figure 4.7, along with other three representative orientations with tilt angles 
bigger than 90
o
. We believe that the orientations shown in Figues 4.7a and 4.7b are the 
most likely orientations because they are consistent with the intended orientation that 
would arise by chemical immobilization between the enzyme cysteine side chain and the 
surafce maleimide groups. As shown in Figure 4.6, the possible angle region 
corresponding to the orientations shown in Figures 4.7a and 4.7b is much larger than the 
one corresponding to the orientation shown in Figure 4.7c, which also implies that the 
possibility of the protein adopting similar orientations as shown in Figures 4.7a and 4.7b 
is much higher than that shown in Figure 4.7c. 
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Figure 4.6 Possible orientation angle regions deduced based on both the SFG and 
ATR–FTIR measurements. Colors indicate the quality of the match (100%=exact). 
The right figure plotted the possible orientation angles with probability ≥ 90% in 
red.  
 
 
Figure 4.7 Possible orientations of immobilized β-Gal shown in format of (tilt angle, 
twist angle). The most likely orientations are a. (14°, 75°) and b. (25°, 130°) because 
they are well correlated to the designed orientations.  
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4.3.2.4 SFG studies on -Gal on OTS SAM  
SFG ssp spectra in the amide I frequency region were collected from the interface 
between OTS SAM and the buffer solution before and after the addition of β-Gal into the 
buffer solution (Figure 4.8). Before the introduction of β-Gal, no signal was detected. The 
increase of the SFG signal in the amide I spectral region after the introduction of -Gal 
into the buffer solution was attributed to β-Gal that was adsorbed at the OTS SAM/buffer 
interface. Additional peaks contributed from side chains (1600 cm
-1
 and 1710 cm
-1
), 
random structures (1644 cm
-1) and β-sheets (1680 cm-1) showed up. The appearance of 
these side chains and secondary structures of β-Gal on OTS SAM is most likely caused 
by partially unfolding of the enzyme to expose hydrophobic residues that physically 
adsorb on the hydrophobic OTS SAM surface through hydrophobic interactions.
48, 78
 
Similar SFG spectra were detected at OTS/-Gal solution interface for the “no cysteine” 
and -Gal V152C enzymes (not shown) indicating that the cysteine does not greatly alter 
the physical adsorption on the OTS surface. SFG spectra were also collected after 
washing the surface with pure buffer solution (Figure 4.8). The spectral intensity 
decreased, showing that some loosely adsorbed proteins can be washed off the OTS SAM 
surface. As discussed below, the physically adsorbed -Gal has much reduced activity 
compared to the chemically immobilized enzyme. 
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Figure 4.8 Top: SFG spectra collected from the OTS SAM/buffer solution before 
(black) and after (red) the addition of -Gal-V152C to the buffer. After washing, 
SFG signal (blue) decreased, showing some loosely adsorbed enzyme molecules were 
washed off. Bottom: ssp (red, filled squares) and ppp (blue, open squares) SFG 
spectra collected from the OTS SAM/buffer solution after the addition of -Gal-
V152C to the buffer. Squares: experimental data; lines: fitting results.  
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4.3.3 Activity of Surface-immobilized β-Gal 
This work was performed by collaborators from Professor Marsh group. Although β-
Gal has favorable structural features for determining its surface orientation by SFG, the 
enzyme was not sufficiently active that we could directly measure -Gal activity on the 
prism surfaces used for SFG measurements.  To enhance the sensitivity, we attached the 
enzyme to glass beads coated with either Mal-EG4 SAM or OTS SAM.  On a 
microscopic level, the SAMs on the bead surface should be chemically identical to that of 
the SFG prisms, but the overall surface area is greatly increased.  To increase sensitivity 
further the fluorogenic substrate fluorescein-β-di-galactopyranoside (FDG) was used to 
measure activity.   
Using this substrate, the specific activity of -Gal-V152C in free solution was 1.1 
nmol.min
-1
mg
-1
 (Figure 4.9). The specific activity of -Gal-V152C immobilized on Mal-
EG4 derivatized glass beads was 1.08 nmol.min
-1
mg
-1 
which is identical, within error, to 
the enzyme in free solution.  In contrast the specific activity of -Gal-V152C physically 
adsorbed on OTS-derivatized beads was 0.35 nmol.min
-1
mg
-1
, which is only one third 
that of the enzyme in free solution.  
To determine the specific activities of immobilized and free enzyme, the amount of 
enzyme attached to the glass beads was quantified by reaction with bicinchoninic acid. 
This allowed us to compare the loading of the beads with that expected for an ideal 
monolayer.  Based on a bead diameter of 75 µm, and assuming a footprint of ~100 nm
2
 
for β-Gal, monolayer coverage would result in a loading of ~ 0.27 pmol enzyme/mg of 
beads. The experimentally determined protein loading for -Gal-V152C immobilized 
through Mal-EG4 linker was 0.14 pmol/mg of beads, suggesting that the specifically 
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tethered enzyme is likely attached as a monolayer with few or no non-covalent 
interactions between enzyme molecules. For enzyme physically adsorbed on OTS-
derivatized beads, the loading was 1.0 pmol/mg of beads, which is much larger than the 
concentration expected for a monolayer. This suggests that protein-protein interactions 
between physically adsorbed enzyme molecules are likely to occur and this may be part 
of the reason that the activity of the physically adsorbed enzyme is much lower.  
 
Figure 4.9 Activity of the β-Gal free in solution (blue), covalently tethered to the 
EG4-Mal SAM via the single engineered cysteine at position 153 (red), and 
physically adsorbed to the hydrophobic OTS SAM (green).  In each case, 10 pmol of 
-Gal-V152C was added to 1 mL of solution. 
 
It is interesting to observe stronger SFG signal intensity for -Gal-V152C 
immobilized through Mal-EG4 linker compared to that physically adsorbed on OTS even 
though the surface coverage of the latter is higher. SFG signal intensity is related to the 
surface coverage and orientation of functional groups or molecules (under the fixed 
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visible and IR input beam energies). For the chemical immobilization, the enzyme 
molecules more or less adopt a similar orientation (with the cysteine group facing the 
surface for immobilization), therefore the signal can be stronger. The signal should be 
proportional to the square of the surface coverage (assuming orientation is coverage 
independent, which is likely for chemical immobilization). For the physically adsorbed 
enzyme molecules, the orientation distribution can be much broader. Therefore SFG 
signals from enzyme molecules with different orientations can be canceled in some 
degrees. As a result, the detected SFG signal can be smaller even when the enzyme 
surface coverage is higher.  
4.3.4 Variation of Immobilization Sites on Enzyme Structure and Orientation 
4.3.4.1 Effect of secondary structure of the tethering site 
To investigate the effect of secondary structure of the tethering site, a β-Gal mutant 
with a cysteine at glutamic acid-147 (denoted as β-Gal-E147C, structure shown in Figure 
4.13 left) was synthesized and immobilized on Mal-EG4 SAM. β-Gal-E147C, compared 
to β-Gal-V152C whose cysteine is located in a loop region, has the cysteine residue 
located within a helical structure. The orientation analysis was carried out similarly to the 
previous section by employing both SFG and ATR-FTIR spectroscopies. 
SFG results are shown in Figure 4.10, left plot. Both ssp and ppp spectra are 
dominated by a peak at ~1650 cm
-1
 which is contributed by the -helical components and 
a peak at ~1635 cm
-1
 which is contributed by the β-sheet components in -Gal 
immobilized at the SAM/protein solution interface. Fitting the spectra gave a ratio of 1.71 
for χppp/χssp at 1650 cm
-1. After correcting for the Fresnel coefficients, a χzzz/χxxz ratio of 
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1.92 was used for possible orientation determination. The tilt and twist angles that satisfy 
this experimentally measured value are shown in Figure 4.10, right plot. 
 
Figure 4.10 Left: SFG ssp (red, filled squares) and ppp (blue, open squares) spectra 
collected from the immobilized -Gal-E147C at the Mal-EG4 SAM/solution 
interface. Squares: experimental data; lines: fitting results. Right: Possible 
orientation angle regions deduced based on the experimentally measured χzzz/χxxz 
ratio of -Gal-E147C. Colors indicate the quality of the match (1=exact). 
 
The ATR-FTIR spectra are shown in Figure 4.11, left plot. Both s and p polarized 
spectra were fitted and the dichroic ratio was deduced for the signal at ~1655 cm
-1
 which 
is attributed to α-helical components of β-Gal. The dichroic ratio was calculated to be 
1.76 after fitting the spectra and this value was used for further analysis. The tilt and twist 
angles that satisfy measured R
ATR
 value are shown in Figure 4.11, right plot. By 
overlapping the possible orientation angle regions deduced using SFG and ATR-FTIR 
spectroscopies, the regions that satisfy both measurements are shown in Figure 4.12. 
Again, the orientations with tilt angles larger than 90° were excluded for analysis. 
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Figure 4.11 Left: ATR–FTIR spectra collected from the immobilized -Gal-E147C 
at the Mal-EG4 SAM/solution interface using p (blue, open squares) and s (red, 
filled squares) polarizations. Squares: experimental data; lines: fitting results. Right: 
Possible orientation angle regions deduced based on the experimentally measured 
R
ATR
 ratio of -Gal-E152C. Colors indicate the quality of the match (1=exact). 
 
Comparing with immobilized β-Gal-V152C, β-Gal-E147C has similar possible 
orientations in the arc region but does not have the very small region of tilt angle around 
75
o
 and twist angle around 30
o
. This suggests that β-Gal-V152C is more likely to come 
into contact with the surface than β-Gal-E147C as shown by the higher possibility in the 
region with tilt angle closer to 90
 o
. This difference can be explained by the flexibility of 
a loop residue versus a helical residue. When immobilizing to the surface, the attachment 
via a more flexible point like a cysteine in the loop region, gives the enzyme molecules 
more rotation freedom than that of a rigid attachment point like a cysteine in a helical 
structure. As a result, the enzyme has a higher chance to interact with the surface with 
larger tilt angles. This however, may lead to less stability of β-Gal on surface for V152C 
than for E147C. 
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Figure 4.12 Possible orientation angle regions deduced based on both the SFG and 
ATR–FTIR measurements for -Gal-E147C. Colors indicate the quality of the 
match (100%=exact). The right figure plotted the possible orientation angles with 
probability ≥ 90% in red. 
 
4.3.4.2 Effect of location of the tethering site 
 
Figure 4.13 Crystal structure of -Gal-E147C on the left and -Gal-E227C on the 
right 
Another β-Gal mutant with cysteine at glutamic acid-227 (denoted as a β-Gal-E227C, 
structure shown in Figure 4.13 right) was engineered by our collaborators from Professor 
Marsh group and immobilized on Mal-EG4 SAM. The cysteinyl residue in β-Gal-E227C 
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is located near the active site of the enzyme. SFG studies were performed on the 
immobilized β-Gal-E227C as shown in Figure 4.14. 
 
Figure 4.14 SFG ssp spectra collected from the Mal-EG4/PB solution interface 
before (black, filled squares) and after (red, open squares) introducing -Gal-E227C 
to the buffer solution in the amide I (left) and C-H/O-H stretching frequency regions. 
SFG spectra were collected from the Mal-EG4/PB interface before and after the 
introduction of the enzyme solution to the subphase in both amide I and C-H, O-H 
stretching regions. Different from the case shown in 4.3.1.1.1 where β-Gal containing no 
cysteinyl residues showed no spectral changes in either frequency region, here the SFG 
spectra collected from β-Gal-E227C showed no change in amide I region but it showed a 
decrease in signals in the C-H and O-H stretching frequency region. This difference 
illustrates that unlike the “no cysteine” β-Gal control sample, β-Gal-E227C did attach to 
the Mal-EG4 surface, replacing the interfacial water molecules and led to a decrease for 
the water O-H stretching peak. We speculated that the minimal signal from β-Gal-E227C 
in amide I region was due to its orientation on the surface. To validate this hypothesis, an 
SFG intensity map for χxxz relative to tilt and twist angles was generated using the same 
software package as shown in Figure 4.15 left (Red indicates a higher intensity while 
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blue indicates a lower intensity). This map shows us the relative signal intensities for 
enzyme molecules having different tilt or twist angles. For example, the determined 
possible orientations for β-Gal-V152C overlay on the relatively high intensity areas 
(red/orange). If we assume that β-Gal-E227C is immobilized onto the maleimide 
terminated SAM, it should adopt an orientation with cysteinyl residues face the surface 
maleimide groups (Figure 4.15). In thi case, the generated SFG amide I signal should be 
located in a low intensity area (blue/violet) as shown in the figure. This assumption is 
well correlated to our experimental results. As we indicated above, the SFG signal for the 
immobilized β-Gal-E227C could not be detected. We therefore believe that the above 
assumption is valid. For this enzyme orientation, the active sites are buried, facing the 
prism instead of the solution. Consequently, the enzyme would have minimal activity 
after being immobilized because the active sites are not readily accessible by the 
enzymatic substrate molecules. Indeed, the activity of the immobilized β-Gal-E227C was 
tested and showed a 23% activity compared to β-Gal in solution. This was further proved 
by an MD simulation performed by our collaborator in Professor Charles Brooks lab. The 
simulation showed similar possible orientations as proposed from SFG results (Figure 
4.16). 
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Figure 4.15 Left plot shows the dependence of the SFG χxxz on the tilt/twist angles of 
-Gal calculated using the computer package.56 Two representative orientations of 
-Gal that would generate different SFG intensities are shown on the right. The top 
enzyme is β-Gal-E227C, the lower enzyme is β-Gal-E147C. 
 
Figure 4.16 Red circles show the possible orientations calculated by MD simulation 
for β-Gal-E227C which is in agreement with our SFG analysis. 
 
4.4 SUMMARY 
In this chapter, specific immobilization of 6-phospho-β-galactosidase through a 
unique cysteinyl residue was achieved on SAMs containing maleimide end groups and 
oligo ethyleneglycol spacer segments. The possible orientations of the immobilized β-Gal 
were determined by combining measurements using two independent vibrational 
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spectroscopic techniques. The activity of the immobilized enzyme was also tested which 
was in agreement with the orientation deduced from combined SFG and ATR-FTIR 
measurements. On the other hand, 6-phospho-β-galactosidase non-specifically adsorbed 
onto hydrophobic octadecyl SAMs, appeared to be partially denatured and exhibited 
significantly reduced activity.  As we discussed above, in our SFG and ATR-FTIR 
studies, we assume that the specifically immobilized enzymes do not significantly change 
their structures. Since the activity of the chemically immobilized β-Gal is similar to that 
in solution, and the enzyme orientation determined spectroscopically is reasonable, we 
believe that this assumption is valid in this case. Following the same methodology, the 
effect of the secondary structure of the attachment point and the location of the 
attachment point were both investigated and justified by molecular dynamics simulations. 
This research demonstrated that the desired orientation of surface immobilized 
enzymes can be achieved by site specific engineering and surface tethering. A detailed 
correlation between the directly measured orientations and activity of a surface-attached 
enzyme has seldom been previously reported. This work provides a systematic means to 
characterize interfacial orientation of immobilized enzymes, leading to fundamental 
knowledge regarding which properties of an enzyme may be altered by tethering without 
compromising its function. This, in the future, will impact the development of an 
increasingly wide range of devices that use surface-immobilized enzymes as integral 
components with improved functions, better sensitivity, enhanced stability, and longer 
shelf-life. 
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CHAPTER 5 
CONCLUSIONS AND OUTLOOK 
 CONCLUSIONS AND OUTLOOK 5
Bioactive materials have found a multitude of applications in fields ranging from 
antibiofouling coatings, tissue engineering to biosensing devices. The increasing demand 
of different bioactive materials has imposed great need for materials with improved 
functions, better sensitivity, enhanced stability, and longer life times. However, the 
working mechanisms of these materials remain unclear, making the rational design and 
development of these materials truly difficult. By investigating on the structural and 
orientation perspectives of bioactive components in these materials in biologically 
relevant environments, this dissertation seeks to offer understanding on the correlations 
between interfacial molecular structures of these bioactive materials and their 
functionalities, which can be used optimize the design strategies for improved materials. 
Current research using various surface analytical techniques such as SPR, SIMS, 
XPS, ATR-FTIR and SERS, has provided some important knowledge about the surface 
structures of different bioactive materials. However, none of the above-mentioned 
techniques can provide detailed, molecular-level information about interfaces involving 
these materials in situ, limiting their applicability to answer many critical questions. In 
the research presented in this dissertation, the nonlinear optical technique SFG has been 
used to study three different biomaterial systems, intending to elucidate structure-
function relationships of various bioactive components involved in the materials. These 
SFG studies have provided detailed, molecular-level information of urface and interfacial 
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structures of these biomaterials, which can be used to correlate to the activities or 
properties measured for these materials to comprehend their working. The work 
presented in this dissertation attempts to extend the knowledge obtained from prior 
studies accomplished in our group by adding variations to previous systems, generalizing 
conclusions, optimizing platforms and developing methodologies for complex systems. 
Altogether, this dissertation illustrates that SFG is a powerful technique for analyzing 
surface and interfacial structure of bioactive materials, enabling elucidation of structure-
function correlation and aiding in the design and optimization of advanced materials. 
Three bioactive material systems were investigated using SFG as the main analytical 
technique. In Chapter 2, PDMS with incorporation of QAS biocide moieties which impart 
additional anti-biofouling properties to PDMS-based FR coatings was examined. The 
molecular surface structures of two different types of QAS-incorporated PDMS systems 
were investigated in different chemical environments using SFG. Specifically, a series of 
PDMS coatings containing either a QAS with a single ammonium salt group per 
molecule or quaternary ammonium-functionalized polyhedral oligomeric silsesquioxane 
(Q-POSS) were measured with SFG in air, water, and artificial sea water (ASW) to 
investigate the relationships between the interfacial surface structures of these materials 
and their antifouling properties. Although previous studies have shown that the above-
mentioned materials are promising contact-active antifouling coatings, slight variations of 
the QAS structure can lead to substantial differences in antifouling performance. Indeed, 
the SFG results presented here indicated that the surface structures of these materials 
depend on several factors, such as the extent of quaternization, the molecular weight of 
the PDMS component, and the functional groups of the QAS used for incorporation into 
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the PDMS matrix. It was concluded that in aqueous environments, a lower extent of 
POSS quaternization and the use of ethoxy (instead of methoxy) functional groups for 
QAS incorporating facilitated the extension of the alkyl chains away from the nitrogen 
atom of the QAS on the surface. The SFG results correlated well to the antifouling 
activity studies which indicated that the coatings that exhibit a lower concentration of 
longer alkyl chains protruding out from the surface can neutralize microorganisms more 
effectively, ultimately leading to better antifouling performance. Furthermore, the results 
of this study provide additional evidence that incorporated QAS exert their antimicrobial 
activity through a two-step interaction. The first step is the adsorption of the bacteria on 
the surface due to the electrostatic attraction between the negatively charged 
microorganisms and the positively charged QAS nitrogen atoms on the surface. The 
second step is the disruption of the cell membranes by the penetration of the long, 
extended alkyl chains of QAS. This study also demonstrates that the best activity comes 
from the surface with long alkyl chains of QAS protruding out, which can be used as a 
design rule for PDMS-QAS coatings in the future. 
Chapter 3 focused on surface immobilization of peptide molecules. Peptide-
immobilized surfaces are important in many applications such as biosensors, implant 
devices and nanofabrication. To control the functions and activities of immobilized 
peptides, it is crucial to investigate the structures of these peptides. In this study, SFG 
was applied to the investigation of peptide immobilization on a maleimide-functionalized 
polymer PS-MA surface as a function of time and peptide conformation. Cecropin A (1-
8)-melittin (1-18) hybrid and sheep myeloid antimicrobial peptide (SMAP) were used as 
models to understand the time dependent immobilization behavior in situ and in real time 
118 
 
to generalize the understanding of peptide immobilization onto PS-MA surface. Peptide 
concentration and solvent hydrophobicity were varied to study the response of the 
immobilized peptides. The orientation of immobilized peptides on PS-MA surface was 
determined using polarized SFG spectra. It has been found that the peptide solution 
concentration and solvent composition both influence the immobilization process and the 
final orientation of the immobilized peptides. To improve the functionality and durability 
of the maleimide solid platform, a Mal-EG4 SAM was constructed and finally, a 
maleimide functionalized CVD polymer surface was created for peptide immobilization. 
Model peptide CP1 was immobilized through either N- or C-terminus to examine the 
effect of the attachment point on the conformation and orientation of immobilized peptide. 
It was concluded that both the tethering position and the interaction between AMPs and 
surfaces greatly alter the activity of the immobilized AMPs. Moreover, the AMP 
sequence/structure with inherently rigidity proposed by MD simulations was immobilized 
onto the CVD surface and the rigidity was confirmed by SFG studies. This research 
indicates that using SFG experimental results and MD simulation prediction, we can 
design peptides with optimized sequences to minimize surface-peptide interactions to 
ensure that the immobilized peptides adopt desired structure and the highest activity. 
Chapter 4 further studied surface immobilization, but on enzyme molecules. Surface 
enzyme-immobilized materials are widely used in many applications including 
biosensors, antifouling coatings, food packaging materials and biofuel cells. Enzymes 
tend to lose their activity when in contact with a support surface, a phenomenon that has 
been attributed to unfavorable orientation and (partial) unfolding. In this work, cysteinyl 
residues were intentionally introduced to a desired site of the enzyme and specific 
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immobilization of β-Gal through the unique cysteinyl residue was achieved on Mal-EG4 
SAM. A systematic means to characterize interfacial orientation of immobilized enzymes 
was developed using combined studies with SFG and ATR-FTIR. The possible 
orientations of the immobilized β-Gal through different cysteinyl locations were 
determined, which were well correlated to the tested activity of β-Gal. The placement of 
the cysteinyl residues unveiled the effect of secondary structure as well as the location of 
the attachment on the conformation and orientation of the immobilized β-Gal. It was 
shown that activity and stability of enzyme-immobilized materials highly depends on the 
structure and orientation of the enzyme molecules after immobilization. This research 
successfully developed systematic methodology to control the orientation of surface 
immobilized enzymes by enzyme engineering to maximize the activity. 
In summary, experimental platforms and theoretical calculation methodologies have 
been developed to study surface/interfacial structures of various bioactive materials in 
situ for three different systems including marine antifouling materials, antimicrobial 
materials and biosensing materials. These studies have revealed that structural differences 
are directly related to the difference in the biofunctionality of the materials. Based on the 
structure-function relationships found strategies for optimizing the performance of 
different bioactive materials have also been proposed. This dissertation demonstrates that 
SFG, an intrinsically surface/interface sensitive technique, is a powerful and unique tool 
to help understand the interfacial interaction mechanisms of bioactive materials. The 
components of the materials, the composition of the contacting media, and the construct 
of the biomolecules incorporated can all be varied in order to optimize biological 
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molecule-surface interaction. In this work, the biofunctionality tests of all the materials 
were performed separately from SFG experiments.  
In the future, various optical spectroscopy/microscopy can be employed and 
incorporated with SFG spectroscopy in order to test the biofunctionality of these 
materials simultaneously (e.g., using fluorescence) while the SFG experiments are being 
conducted. This way, any deviations resulting from different experimental conditions or 
sample geometries will be eliminated. In addition, the methodology developed in this 
dissertation can be further employed to investigate on bioactive components of various 
applications such as nitroreductases with environmental, biotechnological and clinical 
importance, and dehydrogeneses used for biofuel production. Besides this methodology 
development and application, future studies can be focused on peptides/proteins with 
different secondary structures. In this dissertation, α-helical structure was mainly studied 
because it is the predominant secondary structure found in peptides and proteins. 
However, other secondary structures can play important roles in regulating biological 
activities. For example, β-sheet structure has found to participate in formation of protein 
aggregates and fibrils that lead to many human diseases.  
 
